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DESCRIPTION 



PRODUCTION DEVICE AND PRODUCTION METHOD FOR CONDUCTIVE 

NANO-WIRE 

Technical Field 

The present invention relates to a method and an apparatus of manufacturing a 
molecular assembly such as a nano-wire and a needle crystal. More specifically, 
the present invention relates to an electrolytic apparatus for manufacturing a 
nano-level minute molecular assembly such as a method of manufacturing a 
conductive nano-wire and a nano-level needle crystal, wherein an electrolytic crystal 
growing method is applied to the manufacture of a molecular assembly, and a 
method of manufacturing the electrolytic apparatus. 

Background Art 

As molecular-assembly growing methods, especially methods of growing a 
single-molecular assembly, a large number of methods, such as a liquid-phase 
epitaxial (LPE) method, a molecular-beam epitaxial (MBE) method, a chemical 
vapor transport (CVT) method, and a chemical vapor deposition (CVD) method, 
have been proposed. The use of these methods enables to obtain a relatively large 
single crystal or a single crystal film. A method of growing a crystal by an 
electrolytic method, which is a crystal-growing method utilizing an electrolytic 
reaction, has also been known (e.g., Lectures on Experimental Chemistry 12, 
Functionality of Substances, 4th Edition, pp. 40-45, Maruzen). 

In Japanese Patent Application Laid-Open No. 6-321686, a method of 
manufacturing a metallic-atom-doped carbon cluster compound, characterized in that 
gle-molecular assembly of the compound is grown in an organic solvent in 
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which an organic salt of a metal and carbon clusters are dissolved in a cathode side 
using an electrolytic crystal method. 

When a molecular nano-wire is manufactured, the manufacture using a 
molecular vapor deposition method of a molecular beam method in ultra-high 
vacuum has been known. A method of manufacturing a molecular nano-wire by 
arranging dendrimers or closed-shell molecules, and a method of manufacturing a 
carbon nano-tube have also been known. 

However, conventional electrolytic methods aim at forming crystals as large 
as possible, but not forming nano-scale molecular assemblies. Also since 
conventional electrolytic methods aim at forming crystals of a milli-scale or larger, 
they have a problem that it is difficult to form high-purity crystals. The carbon 
cluster formed using the method of forming a carbon cluster described in Japanese 
Patent Application Laid-Open No. 6-321686 also has the size of millimeter units, and 
is not controlled at a molecular level. The invention described in the same patent 
aims at forming a larger single crystal, and not at forming a nano-scale molecular 
assembly as in the present invention. As a result, although the invention described 
in the same patent uses an electrolytic crystal growing method to form a molecular 
assembly, it does not use electrodes with a narrow gap between the electrodes, and 
only a molecular assembly of a millimeter level or a sub-millimeter level can be 
formed. 

Also when a nano-wire is manufactured using a molecular vapor deposition 
method or a molecular beam method under ultra-high vacuum, the vacuum apparatus 
is expensive and complicated, and a large-scale apparatus is required. There is also 
a problem of requiring labor even for producing a vacuum. In a molecular vapor 
deposition method or a molecular beam method under ultra-high vacuum, there is a 
problem that a functional group to cause interaction such as hydrogen bonds must be 
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introduced between molecules or between molecules and the substrate in order to fix 
molecules with each other or molecules with the substrate. When a nano-wire is 
formed in vacuum, there was a problem that the properties of the nano-wire change 
due to oxidation or the like when the vacuum is broken. Since conventional 
nano-wires (molecular assemblies) were assemblies of molecules that had a 
closed-shell structure (a structure having two electrons in a HOMO (highest occupied 
molecular orbital), and no molecules that had SOMO (semi-occupied molecular 
orbital), there was a problem that only nano-wires that had low electron mobility and 
poor conductivity were obtained . 

Furthermore, the providing of electronic circuits having nano-scale or 
sub-micro-scale functional sites, and electronic devices using such electronic circuits 
has been demanded. 

Disclosure of the Invention 

At least one of the above-described problems [[are]] is solved by the 
invention described below. 

(1) An electrolytic apparatus for producing an electrically conductive nano-wire 
including: 

two electrodes, 

a voltage control device for controlling the voltage applied across the two 
electrodes, 

an electrolytic cell for holding an electrolyte and the two electrodes, wherein 
the gap between the two electrodes is from 1 nm to 100 (am, and 
the electrically conductive nano-wire is produced between the two electrodes 
or above the two electrodes, by allowing the electrolytic cell to hold an electrolyte 
containing molecules that is to constitute an electrically conductive nano-wire, and 
generate a gradient of voltage between the two e l e ctrod e electrodes by applying a 
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voltage across the two electrodes in the state wherein the electrolyte and the two 
electrodes are in contact.. By thus miniaturizing the gap between electrodes, a 
minute molecular assembly such as a conductive nano-wire can be formed. 

(2) The electrolytic apparatus for producing an electrically conductive nano-wire 
according to the above (1), characterized in that the two electrodes are formed on a 
substrate. 

(3) An electrolytic apparatus for producing an electrically conductive nano-wire 
including: 

two electrodes facing each other formed on a substrate, 
an electrolytic cell for holding an electrolyte and the substrate, and 
a voltage control device connected to the two electrodes for controlling the 
voltage applied across the two electrodes, wherein 
the electrolytic cell comprises: 

an electrolyte holder section for holding the electrolyte, and 
a substrate plug section for plugging the substrate, 

the two electrodes have respective protrusions located either between both 
ends of each electrode and extending toward the other electrode, or on one end of 
each electrode and extending toward the other electrode by bending the each 
electrode at the one end; 

the gap between the closest sites of the two electrodes formed on the substrate 
is from 1 nm to 100 jam; and 

the electrically conductive nano-wire is produced between the two electrodes 
or above the two electrodes, by allowing the electrolytic cell to hold an electrolyte 
containing molecules that is to constitute an electrically conductive nano-wire, and 
generate a gradient of voltage between the two e l e ctrod e electrodes by applying a 
voltage across the two electrodes in the state wherein the electrolyte and the two 
electrodes are in contact. 
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(4) The electrolytic apparatus for producing an electrically conductive nano-wire 
according to the above (3), wherein 

each end of the protrusions of the two facing electrodes faces each other in 
parallel, or is tapered as approaching the other protrusion; and the two electrodes 
have an insulated portion covered with an insulator; and 

the site of the substrate plug section exposing the substrate when the substrate 
is plugged in the substrate plug section is covered with an insulator. 

(5) An electrolytic apparatus for producing an electrically conductive nano-wire 
including: 

a substrate, a gate electrode formed on the substrate, an insulating layer 
covering the gate electrode, two facing electrodes formed on the insulating layer; 

an electrolytic cell for holding the electrolyte and the substrate; and 

a voltage control device connected to the gate electrode and two electrodes for 
controlling the voltages applied across the gate electrode and two electrodes; wherein 

the electrolytic cell includes: 

an electrolyte holder section for holding the electrolyte, and 
a substrate plug section for plugging the substrate; 

the site of the substrate plug section exposing the substrate when the substrate 
is plugged in the substrate plug section is covered with an insulator; 

the two electrodes have respective protrusions located either between both 
ends of each electrode and extending toward the other electrode, or on one end of 
each electrode and extending toward the other electrode by bending the each 
electrode at the one end; 

each end of the protrusions of the two facing electrodes faces each other in 
parallel, or is tapered as approaching the other protrusion; 

the two electrodes have an insulated portion covered with an insulator; 
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the gap between the closest sites of the two electrodes formed on the substrate 
is from 1 nm to 100 jam; 

the electrically conductive nano-wire is produced between the two electrodes 
or above the two electrodes, by allowing the electrolytic cell to hold an electrolyte 
containing molecules that is to constitute an electrically conductive nano-wire, and 
generate a gradient of voltage between the two el e ctrode electrodes by applying a 
voltage across the two electrodes in the state wherein the electrolyte and the two 
electrodes are in contact. 

(6) A method of fabricating an electrolytic apparatus for forming an electrically 

conductive nano-wire, the apparatus including: 

two electrodes facing each other formed on a substrate, 

an electrolytic cell for holding an electrolyte and the substrate, and 

a voltage control device connected to the two electrodes through electrode 

lines for controlling the voltage applied across the two electrodes, the method 

including: 

a step for forming electrodes having a gap of from 1 nm to 100 ^im between 
them on the substrate, by: 

a metallic-film forming step for forming a metallic film on the substrate; 

a resist layer forming step for forming a resist layer on the metallic film 
vapor-deposited in the metallic-film forming step; 



a light exposure step for exposing the resist layer formed in the resist layer 
forming step to a desired pattern; 

a developing step for developing the resist layer exposed in the light exposure 
step; and 

an etching step for etching the metallic film using the resist layer left after the 
developing step as a mask; wherein 




the electrically conductive nano-wire is produced between the two electrodes 
or above the two electrodes, by allowing the electrolytic cell to hold an electrolyte 
containing molecules that is to constitute an electrically conductive nano-wire, and 
generate a gradient of voltage between the two e l e ctrode electrodes by applying a 
voltage across the two electrodes in the state wherein the electrolyte and the two 
electrodes are in contact. 

(7) A method of fabricating an electrolytic apparatus for forming an electrically 

conductive nano-wire, the apparatus including: 

two electrodes facing each other formed on a substrate, 

an electrolytic cell for holding an electrolyte and the substrate, and 

a voltage control device connected to the two electrodes through electrode 

lines for controlling the voltage applied across the two electrodes; the method 

including: 

a step for forming electrodes having a gap of from 1 nm to 100 |jm between 
them on the substrate, by: 

a metallic-film forming step for forming a metallic film on the substrate; 

a resist layer forming step for forming a resist layer on the metallic film 
vapor-deposited in the metallic-film forming step; 

an electron beam radiating step for radiating electron beams onto the resist 
layer formed in the resist layer forming step to a desired pattern; 

a developing step for developing the resist layer irradiated in the electron 
beam radiating step; and 

an etching step for etching the metallic film using the resist layer left after the 
developing step as a mask; wherein 

the electrically conductive nano-wire is produced between the two electrodes 
or above the two electrodes, by allowing the electrolytic cell to hold an electrolyte 
containing molecules that is to constitute an electrically conductive nano-wire, and 



- 8 - 

generate a gradient of voltage between the two e l e ctrode electrodes by applying a 
voltage across the two electrodes in the state wherein the electrolyte and the two 
electrodes are in contact. 

(8) A method of fabricating an electrolytic apparatus for forming an electrically 

conductive nano-wire, the apparatus including: 

two electrodes facing each other formed on a substrate, 

an electrolytic cell for holding an electrolyte and the substrate, and 

a voltage control device connected to the two electrodes through electrode 

lines for controlling the voltage applied across the two electrodes; the method 

including: 

a step for forming on the substrate electrodes leaving a gap of from 1 nm to 
100 jam; by: 

a metallic-film forming step for forming a metallic film on the substrate; 

a photoresist layer forming step for forming a photoresist layer on the metallic 
film vapor-deposited in the metallic-film forming step; 

a light exposure step for exposing the photoresist layer formed in the 
photoresist layer forming step to a desired pattern; 

a first developing step for developing the photoresist layer exposed in the 
light exposure step; 

a rough electrode-form forming step for forming a rough form of the electrode 
on the substrate by the step including a first etching step for etching the metallic film 
using the photoresist layer left after the first developing step as a mask; 

an electron beam resist layer forming step for forming an electron beam resist 
layer on the rough form of the electrode formed in the rough electrode-form forming 
step; 
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an electron beam radiating step for radiating electron beams onto the electron 
beam resist layer formed in the electron beam resist layer forming step to a desired 
pattern; 

a second developing step for developing the electron beam resist layer 
irradiated in the electron beam radiating step; and 

a second etching step for etching the metallic film using the electron beam 
resist layer left after the second developing step as a mask; wherein 

the electrically conductive nano-wire is produced between the two electrodes 
or above the two electrodes, by allowing the electrolytic cell to hold an electrolyte 
containing molecules that is to constitute an electrically conductive nano-wire, and 
generate a gradient of voltage between the two e l e ctrode electrodes by applying a 
voltage across the two electrodes in the state wherein the electrolyte and the two 
electrodes are in contact. 

(9) A method of forming a molecular assembly to form an electrically conductive 
nano-wire by allowing an electrolytic cell to hold an electrolyte containing molecules 
that constitute a molecular assembly, and applying a voltage across the two 
electrodes in the state wherein the electrolyte and the two electrodes are in contact; 
including: 

an electrode adjusting step for adjusting the gap between the two electrodes to 
from 1 nm to 100 jam; 

an electrode mounting step for mounting the two electrodes onto the 
electrolytic cell; 

an electrolyte preparing step for dissolving the molecule(s) that are sonstitute 
constitute an electrically conductive nano-wire in an organic solvent; 

an electrolyte injecting step for injecting the electrolyte into the electrolytic 
cell; and 



an electrolyzing step for applying an electric current of 1 nA to 1 mA across 
the two electrodes for a period of 10 days or below to make the potential difference 
between the two electrodes 10 mV to 20 V. 

(10) The method of forming an electrically conductive nano-wire according to 
claim 9, wherein the voltage to be applied is an AC voltage. In this case, the 
potential difference described in (9) means the maximum voltage. 

(11) An electrically conductive nano-wire having a width of one constituent 
molecule to 1 jum, and a length of 1 nm to 500 jam, and comprising molecules that 
can aggregate by self-assembly by interaction for movement of charge as the 
constituent molecule. The term constituent molecule used herein means, for 
example, a phthalocyanine molecule and the like. 

(12) An electrically conductive nano-wire according to the above (11), wherein the 
electrically conductive nano-wire having a width between the size of one constituent 
molecule to 1 \im 9 

and a length of 1 nm to 500 (im, 

and comprising TTF derivatives, dmit complexes, porphyrin complexes or 
phthalocyanines as the constituent molecule. 

(13) An electrically conductive nano-wire according to the above (1 1) or the 
above (12), wherein the conductivity of the electrically conductive nano-wire is 1 
S-cm' 1 or more. The conductive molecular assembly is a preferable molecular 
assembly in the present invention. 

(14) A method of fabricating a electrically conductive nano-wire containing a 
molecular assembly of a diameter of 1 nm to 1 \xm and a length of 1 nm to 500 \xm 
using an electrolyte containing an organic conductor having n-electrons, including: 

a step for fabricating the molecular assembly by applying a DC voltage and/or 
an AC voltage having the maximum potential difference of 10 mV to 20 V for 1 



second to 10 days across the two electrodes having a gap between the closest sites of 
the two electrodes of from 1 nm to 100 jxm. 

(15) The method of fabricating an electrically conductive nano-wire according to 
the above (14), wherein the molecular assembly that is produc e s produced by the 
step for fabricating the molecular assembly is a molecular assembly that contains 
molecules that can aggregate self-assembly by interaction for movement of charge as 
the constituent molecule. 

(16) The method of fabricating a electrically conductive nano-wire according to 
the above (14), wherein the organic conductor having Tt-electrons is a cyanocobalt 
complex of phthalocyanine. 

(17) The method of fabricating a electrically conductive nano-wire according to 
the above (13), wherein the organic conductor having 7i-electrons is tetraphenyl 
phosphonium dicyanocobalt (III) phthalocyanine, and the conductivity of the 
molecular assembly is 1 S-cm" 1 or more. 

(18) A method of fabricating an electrically conductive nano-wire using an 
electrolytic apparatus including: 

two electrodes facing each other formed on a substrate, 
an electrolytic cell for holding an electrolyte and the substrate, and 
a voltage control device connected to the two electrodes, for controlling a 
voltage applied to the two electrodes; wherein 
the electrolytic cell includes: 

an electrolyte holder section for holding the electrolyte, and 
a substrate plug section for plugging the substrate; 

the site of the substrate plug section exposing the substrate when the substrate 
is plugged in the substrate plug section is covered with an insulator; 

the two electrodes have respective protrusions located either between both 
ends of each electrode and extending toward the other electrode, or on one end of 
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each electrode and extending toward the other electrode by bending the each 
electrode at the one end; 

each end of the protrusions of the two facing electrodes faces each other in 
parallel, or is tapered as approaching the other protrusion; 

the two electrodes have an insulated portion covered with an insulator; and 

the gap between the closest sites of the two electrodes formed on the substrate 
is from 1 nm to 100 \xm; 

the method including a step for forming a molecular assembly having a 
diameter of 1 nm to 1 yim and a length of 1 nm to 500 |im, by allowing the 
electrolytic cell to hold an electrolyte containing tetraphenyl phosphonium 
dicyanocobalt (III) phthalocyanine, which are molecules that are to constitute a 
molecular assembly, and acetonitrile; and 

applying a DC voltage and/or an AC voltage having the maximum potential 
difference across two electrodes of 10 mV to 20 V across the two electrodes for 
0.001 seconds to 10 days in the state wherein the electrolyte and the two electrodes 
are in contact. 

(19) The method of forming conductive nano-wire according to the above (18), 
wherein the voltage to be applied is an AC voltage. 

(20) A method of fabricating an electronic circuit including: 

a step for exposing the gap of an electronic circuit ranging from 1 nm to 100 
\im to an electrolyte containing an organic conductor having 7i-electrons; and 

a step for applying a voltage across the electronic circuit, and exposing the 
gap using a conductive molecular assembly produced in the gap. 

(21) A method of fabricating an electronic circuit having a connecting portion of a 
conductive molecular assembly, including a step for exposing an electronic circuit 
having a gap of from 1 nm to 100 \xm to be filled by the conductive molecular 
assembly to an electrolyte containing an organic conductor having n-electrons; and 
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a step for filling the gap using the conductive molecular assembly produced in 
the gap. 

(22) A method of fabricating an electronic circuit having a connecting portion of a 
conductive molecular assembly, including a step for exposing an electronic circuit 
having a gap with the distance of one to ten molecules to be filled by the conductive 
molecular assembly to an electrolyte containing an organic conductor having 
n-electrons; and 

a step for filling the gap using the conductive molecular assembly produced in 
the gap. 

Brief Description of the Drawings 

Figure 1 is a schematic diagram of an electrolytic cell; 

Figures 2 (a) and 2 (b) are schematic diagrams (top views) of an electrolytic 

cell; 

Figures 3 (a), (b) and (c) are schematic diagrams of respective electrodes; 
Figures 4 (a), (b) and (c) are schematic diagrams of respective protrusions (A 
in Figure 3 (a), or the like); 

Figure 5 is a diagram showing an example of electrodes on a substrate; Figure 

5 (a) being a plan and Figure 5 (b) being a sectional view; 

Figure 6 is a diagram showing an example of electrodes on a substrate; Figure 

6 (a) being a plan and Figure 6 (b) being a sectional view; 

Figure 7 is a diagram showing an example of electrodes on a substrate; Figure 

7 (a) being a plan and Figure 7 (b) being a sectional view.; 

Figures 8 (a), (b) and (c) are diagrams showing an example of electronic 
circuits of the present invention; 

Figure 9 is an SEM photo of a molecular assembly formed in Example 1-1 
substituting the diagram; 
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Figure 10 is an SEM photo of a molecular assembly formed in Example 1-2 
substituting the diagram; 

Figure 11 is an SEM photo of a molecular assembly formed in Example 1-3 
substituting the diagram; 

Figure 12 is an SEM photo of a molecular assembly formed in Example 1-4 
substituting the diagram; 

Figure 13 is an SEM photo of a molecular assembly formed in Example 1-5 
substituting the diagram; 

Figure 14 is an SEM photo of a molecular assembly formed in Example 1-6 
substituting the diagram; 

Figure 15 is an SEM photo of a molecular assembly formed in Example 1-7 
substituting the diagram; 

Figure 16 is an SEM photo of a molecular assembly formed in Example 1-8 
substituting the diagram. Figure 16 (a) and Figure 16 (b) are 80,000x and l 9 100x 
SEM photos, respectively; 

Figure 17 is an SEM photo of a molecular assembly formed in Example 1-9 
substituting the diagram; 

Figure 18 is an SEM photo of a molecular assembly formed in Example 2-1 
substituting the diagram; 

Figure 19 is an SEM photo of a molecular assembly formed in Example 3-1 
substituting the diagram; 

Figure 20 is an SEM photo of a molecular assembly formed in Example 3-2 
substituting the diagram; 

Figure 21 is an SEM photo of a molecular assembly formed in Example 3-3 
substituting the diagram; 

Figure 22 is an SEM photo of a molecular assembly formed in Example 3-4 
substituting the diagram; 
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Figure 23 is an SEM photo of a molecular assembly formed in Example 3-5 
substituting the diagram; and 

Figure 24 is an SEM photo of a molecular assembly formed in Example 4-1 
substituting the diagram. 

Best Mode for Carrying Out the Invention 
[Electrolytic Apparatus] 

Figure 1 is a schematic diagram of an electrolytic apparatus of the present 
invention. 

In Figure 1, the reference numeral 1 denotes an electrolytic cell, 2 denotes 
copper wires, 3 denotes a substrate plugging section, 4 denotes electrodes, and 5 
denotes a substrate. The electrolytic apparatus of the present invention has two 
electrodes (4) and an electrolytic cell (1). It is preferable that the electrolytic 
apparatus of the present invention has also a voltage control device (not shown) for 
controlling voltage applied across the two electrodes and/or a current control device 
(not shown) for controlling current supplied between the two electrodes. The 
electrolytic apparatus of the present invention forms a molecular assembly by 
allowing the electrolytic cell to hold an electrolyte containing molecules to constitute 
the molecular assembly, and by applying a voltage (or supplying a current) between 
the two electrodes in the state wherein the electrolyte and the two electrodes are in 
contact. 

A reference electrode and a potential measuring instrument for measuring the 
potential of the electrodes, a gate electrode and a computer for controlling may 
further be included. The electrolytic cell includes an electrolyte holding section for 
holding the electrolyte (solution), and a substrate plugging section for plugging the 
substrate. It is preferable that, for example, a clayey insulator is built up on the 
substrate plugging section as Figure 2 (a) shows. This plays a role of holding the 
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substrate, and simultaneously protecting the electrodes. Such an insulator is 
preferably putty. In Figure 2 (a), the reference numeral 2 denotes copper wires, 3 
denotes a substrate plugging section, and 6 denotes an insulator. 
[Substrate] 

The substrate of the present invention is preferably a substrate on which at 
least two electrodes can be mounted. The materials for the substrate include a glass 
substrate, a silicon substrate and a plastic substrate; however, the materials are not 
limited thereto if suited as a substrate for photblithography or electron beam 
lithography. The shape of the substrate is preferably rectangular parallelepiped. 
The length of the substrate is preferably 0. 1 mm to 10 cm, more preferably 1 mm to 5 
cm, further preferably 1 cm to 4 cm, and most preferably 2 cm to 3 cm. The 
substrate is preferably used after being cleaned so as not to contain impurities. 
[Electrode] 

The electrodes in the present invention preferably include two electrodes 
facing each other and are mounted on a substrate. As Figures 6 (a) and 6 (b) show, 
a part of the two electrodes facing each other has preferably an insulated region 
covered with an insulator. The insulated regions include regions that use the 
surfaces of the electrodes other than surfaces closest to each electrode as the 
insulated region, as Figures 5 (a) and 5 (b) show; and when the electrodes have 
protrusions, regions that use the areas other than the protrusions as the insulated 
region, as Figures 7 (a) and 7 (b) show. In Figures 5 (a) and 5 (b), the reference 
numeral 4 denotes electrodes, 5 denotes a substrate and 15 denotes insulating layers. 
In Figures 7 (a) and 7 (b), the reference numeral 4 denotes electrodes, 5 denotes a 
substrate, 15 denotes an insulating layer and 16 denotes a gate electrode. 

As Figures 6 (a) and 6 (b) show, the one including a gate electrode (16) 
formed on a substrate (5) and two electrodes (4) facing each other formed on 
insulating layers (15) that cover the gate electrode is preferable because it can 
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function as an FET (field-effect transistor). In Figures 6 (a) and 6 (b), the reference 
numeral 4 denotes electrodes, 5 denotes a substrate, 1 5 denotes an insulating layer 
and 1 6 denotes a gate electrode. 

The materials of the electrodes formed on the substrate include electrically 
conductive materials, such as gold, platinum, copper and graphite, among which gold 
and platinum are preferable; however, the materials are not limited thereto, as long as 
the material is suitable for the above-described lithography. 

It is preferable that at least two electrodes are formed on the substrate; 
however, the electrolytic cell may play a role of one of the electrodes. A gate 
electrode or a reference electrode may also be formed; and an electrode for 
measuring the properties of the electrolyte or the like may also be formed. 

As the configuration of the electrodes, a configuration where two electrodes 
face each other as shown in Figure 3 (b) is preferable; and having a protrusion 
located between both ends of each electrode and extending toward the other 
electrode, as shown in Figure 3 (c), or having a protrusion located on one end of each 
electrode and extending toward the other electrode by bending the each electrode at 
the one end, as shown in Figure 3 (a). This is because such shaped can effectively 
form a molecular assembly such as a conductive nano-wire. In Figures 3 (a), 3 (b) 
and 3 (c), the reference numeral 4 denotes electrodes, 1 1 denotes a gap and 1 2 
denotes protrusions. 

The shape of the protrusions is preferably such that the end of each of the gap 
portions of the two facing electrodes faces each other in parallel as exemplified in 
Figure 4 (a); more preferably such that the end of the gap portion of the two facing 
electrodes is tapered with approaching the other gap portion as exemplified in 
Figures 4 (b) and 4 (c); among which the stepwise shape as shown in Figure 4 (c) is 
preferable. 
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The gap (11) between the electrodes is preferably from 1 nm to 100 jim, more 
preferably 1 nm to 1 jam, and further preferably 1 nm to 200 nm; however, it is not 
limited thereto if it is suited for the length of a desired nano-wire. 

The width of the electrodes is preferably 0.5 nm to 1 cm, and more preferably 
0.5 nm to 200 nm, or 1 mm to 3 mm. 

The length of the electrodes is preferably 1 nm to 25 mm. 

It is preferable that the electrodes are immersed in an electrolyte. Preferably, 
20% or more of the volume of the electrodes are immersed, more preferably 50% or 
more of the volume of the electrodes are immersed, and further preferably 80% or 
more of the volume of the electrodes are immersed. 

It is also preferable that the electrolyte is dropped between the electrodes to 
perform electrolysis on the substrate. 
[Voltage Control Device] 

The voltage applied across the electrodes is preferably controlled by a voltage 
control device which is connected to the electrodes. It is more preferable that there 
is a reference electrode in the electrolytic cell and the potential difference between 
the electrodes can be measured, and based on the measure results, the voltage applied 
across the electrodes can be controlled. The current control device for controlling 
the current supplied between the electrodes may also be used together with or in 
place of the voltage control device. 
[Method of Fabricating Electrodes] 

It is preferable in the present invention that the electrodes are formed on a 
substrate. The methods of forming electrodes on a substrate include a mask vapor 
deposition method, a photolithography method, an electron beam lithography method, 
and a combination thereof; however, the methods are not limited thereto. 

In the mask vapor deposition method, a mask wherein a pattern to be an 
electrode is cut out is laid over the substrate, and a metallic film is vapor-deposited 
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from the above. Thereafter, the mask is removed from the substrate. Thus, the 
metallic film is deposited only on the area to be the electrode, and a minute electrode 
can be formed. 

The electrode formation using the photolithography method includes a 
metallic film forming step for forming a metallic film on a substrate; a resist layer 
forming step for forming a resist layer on the metallic film vapor-deposited in the 
metallic film forming step; a light exposure step for exposing the resist layer formed 
in the resist layer forming step to a desired pattern; a developing step for developing 
the exposed resist layer; and an etching step for etching the metallic film using the 
resist layer left after developing as a mask. The resist for forming the resist layer is 
not specifically limited as long as it is a photoresist. 

The electrode formation using the electron beam lithography method includes 
a metallic film forming step for forming a metallic film on a substrate; a resist layer 
forming step for forming a resist layer on the metallic film vapor-deposited in the 
metallic film forming step; an electron beam radiation step for radiating electron 
beams onto the resist layer formed in the resist layer forming step to a desired 
pattern; a developing step for developing the electron beam irradiated resist layer; 
and an etching step for etching the metallic film using the resist layer left after 
developing as a mask. The resist for forming the resist layer is not specifically 
limited as long as it is an electron beam resist. 
[Method for Forming Molecular Assembly] 

It is preferable that the method of forming a molecular assembly of the 
present invention is carried out using the above-described electrolytic apparatus. 
When the molecular assembly is formed, it is preferable to use a solution 
(electrolyte) wherein a substance for forming the molecular assembly (a molecular 
species to constitute the molecular assembly) is dissolved. It is preferable that the 
molecular assembly is formed using an electrolytic method wherein a voltage is 
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applied to the electrolyte wherein a substance for forming the molecular assembly is 
dissolved by action of the above-described electrodes. In the present invention, a 
minute molecular assembly having a minute gap (such as a needle crystal and a 
nano-wire) can be formed. In a conventional molecular vapor deposition method 
carried out in ultra-high vacuum or molecular beam method, a functional group 
causing interaction such as hydrogen bond had to be introduced between molecules 
when a molecular assembly such as a nano-wire was formed. The obtained 
molecular assembly was a molecular assembly having a closed-shell structure, and 
since HOMO is occupied by two electrons, charge transfer was difficult to occur, and 
only a molecular assembly having no thermal and electrical conductivity (insulator) 
was formed. However, in the electrolytic crystal growing method (electrolytic 
method) of the present invention, electrons are extracted from a part of or entire 
HOMO of the closed-shell molecules, and the state wherein a part of or entire 
molecular assembly has become SOMO can be produced. In the present invention, 
by growing a needle crystal or a nano-wire in an electric field, the needle crystal or 
the nano-wire can be grown utilizing charge-transfer interaction. As a result, a 
thermally and electrically conductive needle crystal or nano-wire can be formed. 

The substances to be a molecular assembly include an organic conductor, and 
a compound to form a conductor using an electrolytic method is more preferable. 

Organic conductors include organic compounds that have n-electrons, among 
which TTF derivatives including BEDT-TFF derivatives, dmit complexes, porphyrin 
complexes and phthalocyanines are preferable. 

The compounds that form electrical conductors using an electrolytic method 
include condensed polycyclic hydrocarbon derivatives, heterocyclic compound 
derivatives, hetero-polycyclic compound derivatives, and complexes containing these 
derivatives, among which TTF derivatives including BEDT-TFF derivatives, dmit 
complexes, porphyrin complexes and phthalocyanines are preferable, 



phthalocyanines and porphyrins are more preferable, and TPP [Co(Pc)(CN2)] 
(tetraphenylphosphonium dicyanocobalt (III) phthalocyanine) represented by 
Formula I is especially preferable. 





Formula II 
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Among porphyrins, a compound that has the basic skeleton represented by 
general formula III is preferable. 



The solvents for dissolving a substance to be a molecular assembly include 
organic solvents, among which acetonitrile, acetone, alcohols, benzene, halogenated 
benzene, 1-chloronaphthalene, dimethyl sulfoxide, N,N-dimethyl formamide, 
tetrahydrofuran, nitrobenzene, and pyridine are preferable; acetonitrile, acetone, 
ethanol, and methanol are more preferable; and acetone and acetonitrile are further 
preferable. As the proportion of the organic compound, the organic solvent wherein 
a substance to be a molecular assembly is saturated is exemplified; however, the 
proportion is not specifically limited. 

The current supplied between the electrodes may be either a direct current or 
an alternate current. The current supplied between the electrodes is preferably 1 nA 
to 1 mA, and more preferably 100 nA to 10 (iA. The potential difference between 
the electrodes is preferably 10 mV to 20 V, more preferably 1 V to 5 V, and most 
preferably 2 V to 3 V. In the case of an alternate current, a frequency of 1 mHz to 1 
kHz is preferable, and a frequency of 500 mHz to 10 Hz is more preferable. In the 
case of an alternate current, although the waveforms include a sinusoidal wave, a 
square wave and a saw-tooth wave, a sinusoidal wave and a square wave are 
preferable, and a square wave is especially preferable. The amplitude in the case of 
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an alternate current is preferably 10 mV to 20 V, more preferably 1 V to 5 V, and 
most preferably 2.5 V to 5 V. The time for applying the voltage is, for example, 10 
days or less, preferably 0.001 seconds to 10 days, more preferably 1 second to 2 
days; however, the time suitable for the size and type of the molecular assembly to 
be formed, and the applied voltage may be selected. 

The temperature of the electrolyte is preferably -30°C to 200°C, more 
preferably -30°C to 120°C, and most preferably 15°C to 30°C. It is preferable that 
the electrolyte is not boiled or freezed. 
[Molecular Assembly] 

The molecular assemblies obtained using the method of forming molecular 
assemblies of the present invention include needle crystals and conductive 
nano-wires. The term nano-wire used herein means a linear substance of a width of 
the width of a molecule to 1 pm and a length of the length of two molecules or 
longer, wherein molecules are regularly arrayed. 

The diameter of a needle crystal and a nano-wire is preferably 1 nm to 1 pm, 
and more preferably 1 nm to 200 nm. The length of the needle crystal is 10 nm to 
100 pm. The molecular assembly of the present invention has the ratio of the long 
axis 1 to the short axis s (1/s) of preferably 1 or more, and more preferably 2 or more. 

As the method of forming molecular assemblies, the proportion of obtained 
molecular assemblies having a diameter of from 1 nm to 100 nm and a length of 10 
nm to 100 jum is preferably 60% or more, further preferably 80% or more, more 
preferably 90% or more, yet preferably 95% or more, and most preferably 99% or 
more. 

Particularly, the molecular assembly is constituted of repeated units each 
having preferably 1 to 1 00 regularly arranged rows of molecules constituting the 
molecular assembly, more preferably 1 to 50 rows, further preferably 1 to 20 rows, 
and most preferably 1, 2, 3, 4 or 5 rows. The needle crystal may be a wire-like 
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crystal bending to some extent. Since the redox reaction by electrolysis is used, 
conductivity can be imparted to a nano-molecular assembly itself. Specifically, 
since the molecular assembly does not have a closed-sell structure as conventional 
nano-molecular assemblies, electron transfer easily occurs between molecules 
constituting the molecular assembly, the molecular assembly can be highly 
conductive. 

The conductivity of the molecular assembly is preferably controlled 
depending on the requirement of the conductive nano-wire or the like. Generally, 
the conductivity is preferably 1 Scm" 1 or higher and superconductivity or lower, 
more preferably 10 S cm' 1 or higher and superconductivity or lower, further 
preferably 100 S cm" 1 or higher and superconductivity or lower, and most preferably 
500 S cm" 1 or higher and superconductivity or lower; however, the conductivity may 
be 1 x 10 100 S cm' 1 or lower, or may be 1 x 10 10 S cm" 1 or lower, and the 
conductivity preferable for the use can be selected. 

The shape of the molecular assembly is preferably linear, prismatic, columnar, 
and block-like; however, it is not specifically limited as long as the molecules are 
regularly arrayed. 

The molecular assembly is preferably grown on a substrate, more preferably 
grown on or around electrodes, and most preferably between electrodes, especially in 
the gap portion. The electrolytic cell is preferably left stationary during the 
growing period. 

The molecular assembly may be used as a conductive nano-wire as it is. 
Molecular assemblies may be bundled to form a conductive nano-wire, and 
molecular assemblies may be subjected to coupling treatment to, for example, 
conductive filler, and can be used as a conductive nano-wire. 
[Method of Fabricating Electronic Circuit] 
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The present invention further provides a method of fabricating a functional 
electronic circuit, including a step for exposing the gap in an electronic circuit having 
a gap portion of from 1 nm to 100 jam with an electrolyte containing an organic 
conductor that has 7i-electrons; and a step for exposing the gap using a conductive 
molecular assembly formed in the gap when a voltage is applied to the electronic 
circuit. The present invention also provides a method of fabricating an electronic 
circuit having a connection portion formed of a conductive molecular assembly, 
including a step for exposing an electronic circuit having a gap portion of from 1 nm 
to 100 (am to be connected by a conductive molecular assembly with an electrolyte 
containing an organic conductor that has Tt-electrons; and a step for exposing the gap 
with conductive molecular assembly formed in the gap. For example, an electronic 
circuit having a gap as Figure 8 (a) shows is previously fabricated, and after masking 
the circuit portion, the circuit is immersed in an electrolyte (Figure 8 (b)), and a 
voltage is applied to the electronic circuit. Then, a conductive molecular assembly 
is formed in the gap portion, and connects the gap (Figure 8 (c)). By controlling the 
formed molecular assembly, various characteristics can be imparted to the electronic 
circuit. When, the electronic circuit is contacted to the electrolyte, the portions 
other than the gap portion (especially the circuit portion of the electronic circuit) are 
preferably masked so as not to directly contact the electrolyte. In Figures 8 (a), 8 
(b) and 8 (c), the reference numeral 21 denotes an electronic circuit, 22 denotes a gap, 
23 d e not e d denotes a DC/ AC power source, 25 denotes an electrolyte, and 27 
denotes a molecular assembly. 

The conductive molecular assembly (conductive nano-wire) that connects the 
gap portion of the electronic circuit exhibits properties different from the properties 
of ordinary electronic circuits, such as a different conductivity. Utilizing the 
characteristics of the conductive molecular assembly portion, a functional electronic 



circuit is fabricated. The electronic circuit fabricated using the above-described 
method can be used as it is as a chip, such as an IC. 

The conductive molecular assembly portion functions as an element such as a 
transistor and a tunnel element. The circuit portion has a different resistivity from 
the conductive molecular assembly portion. Therefore, if the conductive molecular 
assembly is controlled, an electronic circuit having an adequate resistance can be 
fabricated. 

As the gap portion of an electronic circuit, the present invention can 
preferably use a gap of an atom to about 10 atoms. For example, one or two atoms 
can be used for connecting the circuit to fabricate a connected device. Thereby, a 
functional element at a molecular level, such as [[an]] a monatomic tunnel element 
and [[an]] a monatomic transistor, can be fabricated. 

Examples 

[Example 1: Fabrication of Electrolytic Cell] 

An electrolytic cell shown in Figure 1 was fabricated using a commercially 
available reagent bottle. As Figure 2 (b) shows, copper wires were connected to an 
upper portion of the electrodes with gold wires. In Figure 2 (b) the reference 
numeral 2 denotes copper wires, 7 denotes gold wires, and 8 denotes silver paste. 

As the electrolyte-holding section, the body portion of the reagent bottle was 
used; and as the substrate-plugging section, the altered cap of the reagent bottle was 
used. Putty was mounded up on the substrate-plugging section. 

The diameter of the reagent bottle was 23 mm. 
[Example 2: Fabrication of Electrodes with 20-p,m Gap] 

The electrodes used in the electrolytic molecular assembly growing method 
were formed on a glass plate. A glass plate of a size of 25 x 10 mm was prepared, 
and a mask was deposited on the glass plate. Thereafter, gold was vapor-deposited 



on the masked glass substrate. Then, the mask was removed from the glass 
substrate. Thus, gold electrodes were formed on the glass substrate. The width of 
each electrode was 2 to 5 mm, the length of each electrode was 2.0 cm to 2.3 cm, and 
the gap between the electrodes was 20 |am. 
[Example 3: Fabrication of Nano-Gap Electrodes] 

The electrodes used in the electrolytic molecular assembly growing method 
were formed on a glass plate. A glass plate of a size of 25 x 10 mm was prepared, 
and platinum was vapor-deposited on the glass substrate. A mask having a rough 
shape of the electrodes was printed on an OHP sheet. A photoresist agent was 
spin-coated on the platinum-deposited glass substrate. Spin coating was performed 
for 60 seconds at a rotation speed of the spin coater of 3,000 rpm. The photoresist 
agent was dried at 1 10°C for 1 minute to form a coating film. The glass substrate 
coated with the photoresist agent was exposed using a mask aligner with a 
mercury-lamp light source through the mask. Developing was performed using a 
Microposit Developer MF319 (manufactured by Shipley Far East, Ltd.) for 60 
seconds. At that time, the portion not exposed was completely dissolved. The 
glass substrate was then cleaned with pure water. Thus, the rough shapes of the 
electrodes were formed. 

Further, the substrate on which the rough pattern of the electrodes had been 
formed was coated with an electron beam resist ZEP7000 (manufactured by ZEON 
corporation) of a thickness of 350 nm using a spin coater. Thereafter, the substrate 
was baked in the atmosphere at 180°C for 180 minutes. The substrate exhibited fair 
wetness and spreading to the electron beam resist. Electron beam drawing was 
performed on the electron beam resist-coated substrate. Specifically, the substrate 
was scanned along the graphic data consisting of a large number of dense thin lines 
using Gaussian circular electron beams having a diameter of 20 nm, an accelerating 
voltage of 30 kV and an electron beam intensity of 4 |iC-cnf 2 to perform electron 
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beam light exposure. After light exposure, the developing process of the electron 
beam resist was performed using ZED500 (manufactured by ZEON corporation). 
Thus, the electrodes were formed. 
[Example 1-1] 

To the electrolyte holding section, 5 mg of TPP [Co(Pc)(CN) 2 ] and 14 ml of 
acetonitrile were added and dissolved to form a saturated electrolyte containing 
insoluble substances. The electrode substrate was plugged in the substrate plugging 
section, and the electrode substrate was fixed in place using putty. Gold wires were 
placed between the upper portions of the electrodes and the copper wires of the 
electrolytic cell, and fixed with silver paste. After connecting the substrate holding 
section to the electrolyte holding section, a digital multi-meter was connected to the 
copper wires. A voltage of 2.0 V was applied to the electrodes, and allowed to 
stand for one day. The temperature of the electrolyte was 23°C. 

The molecular assembly thus obtained was columnar with a length of 50 (am 
to 300 jam and a width of 5 |am to 30 ]im. The SEM photograph of thus obtained 
molecular assembly is shown in Figure 9. 
[Example 1-2] 

A molecular assembly was formed in the same manner as in Example 1-1 
except that the electrolyzing time was 100 minutes. 

The molecular assembly thus obtained was plate-like with a length of 10 jam 
to 20 (am and a width of 1 pm to 5 jam. The SEM photograph of thus obtained 
molecular assembly is shown in Figure 10. 
[Example 1-3] 

A molecular assembly was formed in the same manner as in Example 1-1 
except that a voltage of 1.0 V was applied for one day, and a voltage of 1.5 V was 
further applied for one day. 



The molecular assembly thus obtained was block-like with a length of 6 jam 
to 10 jam and a width of 2 jam to 5 jam. The SEM photograph of thus obtained 
molecular assembly is shown in Figure 1 1 . 
[Example 1-4] 

A molecular assembly was formed in the same manner as in Example 1-1 
except that the electrolyzing time was 193 minutes. 

The molecular assembly thus obtained was columnar with a length of 10 jam 
to 50 jam and a width of 500 nm to 8 (am. The SEM photograph of thus obtained 
molecular assembly is shown in Figure 12. 
[Example 1-5] 

A molecular assembly was formed in the same manner as in Example 1-1 
except that the applied voltage was 2.5 V and the electrolyzing time was 193 
minutes. 

The molecular assembly thus obtained was columnar with a length of 1 0 jam 
to 50 jam and a width of 500 nm to 8 (am. The SEM photograph of thus obtained 
molecular assembly is shown in Figure 13. 
[Example 1-6] 

A molecular assembly was formed in the same manner as in Example 1-1 
except that the applied voltage was 2.5 V and the electrolyzing time was 33 minutes. 

The molecular assembly thus obtained was needle-like with a length of 10 jam 
to 50 (am and a width of 100 nm to 200 nm. The SEM photograph of thus obtained 
molecular assembly is shown in Figure 14. 
[Example 1.-7] 

A molecular assembly was formed in the same manner as in Example 1-1 
except that the applied voltage was 2.5 V and the electrolyzing time was 26 minutes. 
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The molecular assembly thus obtained was bent wire-like with a length of 2 
jam to 10 jam and a width of 200 nm to 300 nm. The SEM photograph of thus 
obtained molecular assembly is shown in Figure 15. 
[Example 1-8] 

A molecular assembly was formed in the same manner as in Example 1-1 
except that the applied voltage was 2.5 V and the electrolyzing time was 26 minutes. 

The molecular assembly thus obtained was needle-like with a length of 10 jam 
to 30 jam and a width of 100 nm to 300 nm. The SEM photograph of thus obtained 
molecular assembly is shown in Figure 16. 
[Example 1-9] 

A molecular assembly was formed in the same manner as in Example 1-1 
except that the applied voltage was 2.5 V and the electrolyzing time was 4 minutes. 

The molecular assembly thus obtained was needle-like with a length of 5 (am 
to 30 jum and a width of 300 nm to 3 |om. The SEM photograph of thus obtained 
molecular assembly is shown in Figure 17. 
[Example 2-1] 

A molecular assembly was formed in the same manner as in Example 1-1 
except that nano-gap electrodes formed by electron beam lithography were used as 
the substrate (Figures 3a and 4c), the applied voltage was 2.5 V and the electrolyzing 
time was 339 minutes. 

The molecular assembly thus obtained was block-like with a length of 1 (am 
to 10 |im and a width of 500 nm to 3 jam. The SEM photograph of thus obtained 
molecular assembly is shown in Figure 18. 
[Example 3-1] 

A molecular assembly was formed in the same manner as in Example 1-1 
except that an alternate current (amplitude: 3.0 V, frequency: 2.0 Hz, square waves) 
was used, and the electrolyzing time was 10 seconds. 
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The molecular assembly thus obtained was needle-like with a length of 30 Jim 
to 50 \xm and a width of 500 nm to 1 jam. The SEM photograph of thus obtained 
molecular assembly is shown in Figure 19. 
[Example 3-2] 

A molecular assembly was formed in the same manner as in Example 3-1 
except that an alternate current (amplitude: 2.5 V, frequency: 0.1 Hz, sinusoidal 
waves) was used, and the electrolyzing time was 4 minutes; and then an alternate 
current (amplitude: 5.0 V, frequency: 0.1 Hz, sinusoidal waves) was used, and the 
electrolyzing time was 1 8 minutes. 

The molecular assembly thus obtained was block-like with a length of 1 jam 
to 3 ixm and a width of 200 nm to 800 nm. The SEM photograph of thus obtained 
molecular assembly is shown in Figure 20. 
[Example 3-3] 

A molecular assembly was formed in the same manner as in Example 3-1 
except that an alternate current (amplitude: 5.0 V, frequency: 0.5 Hz, square waves) 
was used, and the electrolyzing time was 20 minutes. 

The molecular assembly thus obtained was needle-like bundle with a length of 
500 nm to 10 jam and a width of 50 nm to 1 jam. The SEM photograph of thus 
obtained molecular assembly is shown in Figure 21 . 
[Example 3-4] 

A molecular assembly was formed in the same manner as in Example 3-1 
except that an alternate current (amplitude: 5.0 V, frequency: 0.2 Hz, square waves) 
was used, and the electrolyzing time was 23 minutes. 

The molecular assembly thus obtained was needle-like bundle with a length of 
1 jam to 3 jim and a width of 100 nm to 500 nm. The SEM photograph of thus 
obtained molecular assembly is shown in Figure 22. 
[Example 3-5] 
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A molecular assembly was formed in the same manner as in Example 3-1 
except that an alternate current (amplitude: 5.0 V, frequency: 0.1 Hz, square waves) 
was used, and the electrolyzing time was 5 minutes. 

The molecular assembly thus obtained was needle-like with a length of 10 \xm 
to 20 jam and a width of 1 Jim to 2 jam. The SEM photograph of thus obtained 
molecular assembly is shown in Figure 23. 
[Example 4-1] 

The electrode substrate was plugged in the substrate plugging section, and the 
electrode substrate was fixed in place using putty. Gold wires were placed between 
the upper portions of the electrodes and. the copper wires of the electrolytic cell, and 
fixed with silver paste (Figure 2 (b)). One drop of an acetonitrile saturated solution 
of TPP • [Co(Pc)(CN)2] was placed on the substrate using a Pasteur pipette so as to 
cover both electrodes. After connecting the substrate holding section to the 
electrolyte holding section, a digital multi-meter was connected to the copper wires. 
An alternate current (amplitude: 3.0 V, frequency: 2.0 Hz, square waves) was 
supplied to the electrodes, and allowed to stand for 10 seconds. The temperature of 
the electrolyte was 23°C. 

The molecular assembly thus obtained was needle-like with a length of 10 jam 
to 50 jam and a width of 200 nm to 1 jam. The SEM photograph of thus obtained 
molecular assembly is shown in Figure 24. 

Industrial Applicability 

According to the present invention, a molecular assembly of a minute 
conductive compound can be controlled and fabricated at a molecular level 
(nano-level). 

According to the method of fabricating an electrolytic apparatus and a 
molecular assembly, a minute needle crystal and nano-wire controlled at a nano-level 
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order can be formed. Since the electrolytic apparatus can be fabricated without 
using vacuum, the costs can be drastically reduced. According to the present 
invention, since molecules coagulate spontaneously by means of charge-transfer 
interaction to make a self-assembly, a molecular assembly and a nano-wire can be 
formed without introducing an interactive functional group into the molecule. 

Also according to the present invention, since the molecular assembly is 
grown in a system other than vacuum, such as in a solution, the situation wherein the 
properties of the molecular assembly change when vacuum is broken can be avoided. 

Since the structure of the molecular assembly of the present invention is 
controlled at a molecular level, applications to various devices are expected. 

If the molecular assembly of the present invention is a molecular assembly of 
an organic conductor, it can be applied to an antistatic agent, an electron gun, or a 
circuit element. 

For example, if molecules having SOMO are present, the molecular assembly 
of the present invention becomes a partially oxidized state, and has a high 
conductivity unlike conventional minute molecular assemblies (nano-wires etc.). 
Therefore, the molecular assembly of the present invention can be used as the 
molecular wiring for LSIs or the like. An FET element can also be fabricated using 
the molecular assembly of the present invention itself. By replacing other 
functional molecules with a part of the component of the minute molecular assembly 
of the present invention, the conductivity can be controlled, or a magnetic function, 
photoconductivity and a memory function can be imparted. 

In addition, by using only one or two molecules for the connection of 
electronic circuits to fabricate a connected device, a functional element at a 
molecular level, such as a monatomic tunnel element and a monatomic transistor can 
be fabricated. 
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Furthermore, according to the present invention, an electronic circuit having a 
desired function can be easily and conveniently fabricated at a molecular level, and 
the function can also be easily controlled. 



ABSTRACT 



The object of the present invention is to provide a nano-scale molecular 
assembly such as a conductive nano-wire. Specifically, there is provided an 
electrolytic apparatus for forming a molecular assembly, including two electrodes 
and an electrolytic cell holding an electrolyte and the two electrodes, wherein the gap 
between the two electrodes is from 1 nm to 100 Jim, by allowing the electrolytic cell 
to hold an electrolyte containing molecules that is to constitute the molecular 
assembly, and applying a voltage across the two electrodes in the state wherein the 
electrolyte and the two electrodes are in contact. 
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DESCRIPTION 



PRODUCTION DEVICE AND PRODUCTION METHOD POR CONDUCTIVE 

NANO-WIRE 



Technical Field 

The present invention relates to a method and an appararos of manufactunng 
molecular assemHy sueh as a nano-wire and a »eed,e crysta,. More specifics.,,, 
the presen, invention rela.es to an eleetrolytie apparams for manufacmnng a 

active nano-wire and a rrano-Ieve, needle crystal, wherein an eleCro.yric crvs., 
growing method is applied to the manufaerure of a molecu.ar assemhly, and a 
method of manufacturing the eleetrolytie apparatus. 



Background Art 

As molecular-assembly growing methods, especially methods of growmg a 
sm g,e-mo,ecu.ar assembly, a large number of methods, such as a ncptid-phase 
epitaxial (LPE) method, a molecmar-beam ephaxia, (MBE) method, a chemica 
vapor transport (CVT) method, and a chemical vapor deposition (CVD, 
Havebeenproposed. The use of these methods enables, o obtain a reiativey large 

smgl e^— ^^«.-*««*«^^ , ^ 
memod of growing a crystal by an e,ectro.ytic memod, which is a crystal-growmg 
method utilising an electronic reaction, has a,so been .mown (e.g., Lectures on 
Experimental Chemistry .2, Functionality of Substances, 4,hEdi.io„, pp. 40-45, 
Maruzen). 

b Japanese Patent Application Laid-Open No. 6-32.686, a memod of 
manufacturing a metallic-atom-dcped carbon cluster compound, characterized in ma, 



PCT/JP03/02713 (amended under Art.34,PCT) | 
- 2 - 



a single-molecular assembly of the compound is grown in an organic solvent in 
which an organic salt of a metal and carbon clusters are dissolved in a cathode side 
using an electrolytic molecular assembly growing e rystal. method. 

When a molecular nano-wire is manufactured, the manufacture using a 
molecular vapor deposition method of a molecular beam method in ultra-high 
vacuum has been known. A method of manufacturing a molecular nano-wire by 
arranging dendrimers or closed-shell molecules, and a method of manufacturing a 
carbon nano-tube have also been known. 

However, conventional electrolytic methods aim at forming crystals as large 
as possible, but not forming nano-scale molecular assemblies. Also since 
conventional electrolytic methods aim at forming crystals of a milli-scale or larger, 
they have a problem that it is difficult to form high-purity crystals. The carbon 
cluster formed using the method of forming a carbon cluster described in Japanese 
Patent Application Laid-Open No. 6-321686 also has the size of millimeter units, and 
is not controlled at a molecular level. The invention described in the same patent 
aims at forming a larger single molecular aGG G mblyc rystal, and not at forming a 
nano-scale molecular assembly as in the present invention. As a result, although the 
invention described in the same patent uses an electrolytic crystal growing method to 
form a molecular assembly, it does not use electrodes with a narrow gap between the 
electrodes, and only a molecular assembly of a millimeter level or a sub-millimeter 
level can be formed. 

Also when a nano-wire is manufactured using a molecular vapor deposition 
method or a molecular beam method under ultra-high vacuum, the vacuum apparatus 
is expensive and complicated, and a large-scale apparatus is required. There is also 
a problem of requiring labor even for producing a vacuum. In a molecular vapor 
deposition method or a molecular beam method under ultra-high vacuum, there is a 
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problem that a functional group to cause interaction such as hydrogen bonds must be 
introduced between molecules or between molecules and the substrate in order to fix 
molecules with each other or molecules with the substrate. When a nano-wire is 
formed in vacuum, there was a problem that the properties of the nano-wire change 
due to oxidation or the like when the vacuum is broken. Since conventional 
nano-wires (molecular assemblies) were assemblies of molecules that had a 
closed-shell structure (a structure having two electrons in a HOMO (highest occupied 
molecular orbital), and no molecules that had SOMO (semi-occupied molecular 
orbital), there was a problem that only nano-wires that had low electron mobility and 
poor conductivity. 

Furthermore, the providing of electronic circuits having nano-scale or 
sub-micro-scale functional sites, and electronic devices using such electronic circuits 
has been demanded. 

Disclosure of the Invention 

At least one of the above-described problems are solved by the invention 
described below. 

(1) An electrolytic apparatus for producing anjdectricallv <^iductive nano-wire a - 
mol e cular assembly including: 
two electrodes, 

a voltage control device for controlling the voltage applied across the two 
electrodes.aBd 

an electrolytic cell for holding an electrolyte and the two electrodes, wherein 
the gap between the two electrodes is from 1 nm to 1 00 jam, and 

the electricall y conductive nano-wire is produced betwee n the two electrodes 
or a b ove th e two elec trodes, by allowing the electrolytic cell to hold an electrolyte 
containing molecules that is to constitute an electrically conductive n ano-wire . and 
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generate a gradient of voltage between the two electrode bv applyin g a voltage across 
the two electrodes in the state wherein the electrolyte and the two electrodes are in 
contact. the molecular assembly is produc e d by allowing the electrolytic cell to hold 
an electrolyte containing molecules that is to constitute th e molecular assembly, and 
applying a voltage across th e two electr o d e s in the stat e wherein the e lectrolyte and 
th e two e l e ctrod e s are in contact . By thus miniaturizing the gap between electrodes, 
a minute molecular assembly such as a conductive nano-wire can be formed. 

(2) The electrolytic apparatus for producing arLeJectrically cond uct! v ejiaao-wi re 
a mol e cular ass e mbly according to the above (1), further including: 

a voltag e control d e vic e for controlling the voltage appli e d across die two 

e lectrod e s, and/or a curr e nt control devic e for controlling the current supplied to the 
two electrodes, characterized in that the two electrodes are formed on a substrate. 

(3) An electrolytic apparatus for producing an electrically conductive nano-wire et 
molecular a s s e mbly including : 

two electrodes facing each other formed on a substrate, 
an electrolytic cell for holding an electrolyte and the substrate, and 
a voltage control device connected to the two electrodes for controlling the 
voltage applied across the two electrodes, wherein 
the electrolytic cell comprises: 

an electrolyte holder section for holding the electrolyte, and 
a substrate plug section for plugging the substrate, 

the two electrodes have respective protrusions located either between both 
ends of each electrode and extending toward the other electrode, or on one end of 
each electrode and extending toward the other electrode by bending the each 
electrode at the one end; 

the gap between the closest sites of the two electrodes formed on the substrate 
is from 1 nm to 100 jam; and 
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th^ electrically conductive nano-wire is produced between the two e lectrodes 
or above the two electrodes , by allowing the e lectrolytic cell to hold an electrolyte 
containing molecules that is to constitute an electricallvconductive nano-wire , and 
generate a gradient of voltage between the two electrode by applying a voltage across 
the two ele ctrodes in the state wherein the electrolyte and the two electrodes are in 
contact. t h e molecular assembly is produced by allowing th e el e ctrolytic c e ll to hold 
an electrolyte containing molecules that is to constitut e the molecular assembly, and 
supplying a current to the two electrodes in th e stat e wh e r e in th e e l e ctrolyte and the 
two electrod e s ar e in contact. 

(4) The electrolytic apparatus for producing an electrically condu ctive nano-wire 
a mol e cular assembly according to the above (3), wherein 

each end of the protrusions of the two facing electrodes faces each other in 
parallel, or is tapered as approaching the other protrusion; and the two electrodes 
have an insulated portion covered with an insulator; and 

the site of the substrate plug section exposing the substrate when the substrate 
is plugged in the substrate plug section is covered with an insulator. 

(5) An electrolytic apparatus for producing m dcctrj^ 
molecular ass e mbly including: 

a substrate, a gate electrode formed on the substrate, an insulating layer 
covering the gate electrode, two facing electrodes formed on the insulating layer; 

an electrolytic cell for holding the electrolyte and the substrate; and 

a voltage control device connected to the gate electrode and two electrodes for 
controlling the voltages applied across the gate electrode and two electrodes; wherein 

the electrolytic cell includes: 

an electrolyte holder section for holding the electrolyte, and 
a substrate plug section for plugging the substrate; 
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the site of the substrate plug section exposing the substrate when the substrate 
is plugged in the substrate plug section is covered with an insulator; 

the two electrodes have respective protrusions located either between both 
ends of each electrode and extending toward the other electrode, or on one end of 
each electrode and extending toward the other electrode by bending the each 
electrode at the one end; 

each end of the protrusions of the two facing electrodes faces each other in 
parallel, or is tapered as approaching the other protrusion; 

the two electrodes have an insulated portion covered with an insulator; 

the gap between the closest sites of the two electrodes formed on the substrate 
is from 1 nm to 100 |im; 

the elecMcMl vco the two^j^trodes^ 

or. above the two electmdes,,..bv ^J^mgAfc^gglml^te g&U *° fag ld an electrolyte 
containing molecules that is to constitute an electrically conductive nano-wire , and 
generate a gradient of voltage between the two electrode by ap plying a v oltage across 
the two electrodes in the state wherein the electrolyte and the two electrodes are in 
contact the molecular ass e mbly is produced by allowing th e electrolytic cell to hold 
an electrolyte containing molecules that is to constitute the molecular assembly, and 
applying a voltage acros s the two e lectrodes in the state wher e in th e electrolyt e and 
th e t wo e l e ctrodes ar e in contact. 

(6) A method of fabricating an electrolytic apparatus for forming an electrically 

coQdMtiy^anorwe a molecular assembly , the apparatus including: 
two electrodes facing each other formed on a substrate, 
an electrolytic cell for holding an electrolyte and the substrate, and 
a voltage control device connected to the two electrodes through electrode 

lines for controlling the voltage applied across the two electrodes, the method 

including: 
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a step for forming electrodes having a gap of from 1 nm to 1 00 jam between 
them on the substrate, by: 

a metallic-film forming step for forming a metallic film on the substrate; 

a resist layer forming step for forming a resist layer on the metallic film 
vapor-deposited in the metallic-film forming step; 

a light exposure step for exposing the resist layer formed in the resist layer 
forming step to a desired pattern; 

a developing step for developing the resist layer exposed in the light exposure 
step; and 

an etching step for etching the metallic film using the resist layer left after the 
developing step as a mask; wherein 

the electrically coii d ug l i ye flgBfla g^^ 
QiiaboLye^ 

contaminamolecules thatjs..^ 

generate a gradient of voltage between the two electrode bv applying a voltage across 
the two electrodes in the state wherei n the el ectrolyte and the two electrodes are in 
goatagL the molecular assembly is produc e d by allowing the electrolytic cell to hold 
an el e ctrolyt e containing mol e cul e s that is to constitut e the mol e cular assembly, and 
applying a voltage across th e two e l e ctrod e s in the stat e wh e r e in th e electrolyte and 
the two e lectrodes arc in contact. 

(7) A method of fabricating an electrolytic apparatus for forming an electrically 

conductive nano-wire a molecular assembly , the apparatus including: 
two electrodes facing each other formed on a substrate, 
an electrolytic cell for holding an electrolyte and the substrate, and 
a voltage control device connected to the two electrodes through electrode 

lines for controlling the voltage applied across the two electrodes; the method 

including: 
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a step for forming electrodes having a gap of from 1 nm to 1 00 \±m between 
them on the substrate, by: 

a metallic-film forming step for forming a metallic film on the substrate; 

a resist layer forming step for forming a resist layer on the metallic film 
vapor-deposited in the metallic-film forming step; 

an electron beam radiating step for radiating electron beams onto the resist 
layer formed in the resist layer forming step to a desired pattern; 

a developing step for developing the resist layer irradiated in the electron 
beam radiating step; and 

an etching step for etching the metallic film using the resist layer left after the 
developing step as a mask; wherein 

t he electiicallv conductive, nm^ between the j two ^ gjggtrocks, 

or abQyejh^ 

conMnin^^ an dectnmlly. c,Q 

generate a gradient of voltage between the two electrode bv applying a voltage across 
fe^^Q....^ state wherein the electrolyte and the two eleclxodesjire m 

contact the molecular assembly is produced bv allowing th e electrolytic cell to hold 
an e lectrolyt e containing molecul e s that is to constitut e the molecular assembly, and 
applying a voltage across th e two electrod e s in the state wh e r e in th e electrolyte and 
the two e lectrodes arc in contact. 

(8) A method of fabricating an electrolytic apparatus for forming an electrically 

conduc tive nano-w ire a molecular assembly , the apparatus including: 
two electrodes facing each other formed on a substrate, 
an electrolytic cell for holding an electrolyte and the substrate, and 
a voltage control device connected to the two electrodes through electrode 

lines for controlling the voltage applied across the two electrodes; the method 

including: 
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a step for forming on the substrate electrodes leaving a gap of from 1 nm to 
100 jam; by: 

a metallic-film forming step for forming a metallic film on the substrate; 

a photoresist layer forming step for forming a photoresist layer on the metallic 
film vapor-deposited in the metallic-film forming step; 

a light exposure step for exposing the photoresist layer formed in the 
photoresist layer forming step to a desired pattern; 

a first developing step for developing the photoresist layer exposed in the 
light exposure step; 

a rough electrode-form forming step for forming a rough form of the electrode 
on the substrate by the step including a first etching step for etching the metallic film 
using the photoresist layer left after the first developing step as a mask; 

an electron beam resist layer forming step for forming an electron beam resist 
layer on the rough form of the electrode formed in the rough electrode-form forming 
step; 

an electron beam radiating step for radiating electron beams onto the electron 
beam resist layer formed in the electron beam resist layer forming step to a desired 
pattern; 

a second developing step for developing the electron beam resist layer 
irradiated in the electron beam radiating step; and 

a second etching step for etching the metallic film using the electron beam 
resist layer left after the second developing step as a mask; wherein 

th^|££M£allX£^Mtt^i^g nano-wire is. produced between the two electrodes, 
or above the two electrodes, by allowing the electrolytic cell to hold an electrolyte 
containing molecules that is to constitute an electrically conductive nano-wire . and 
generate a gradient of voltage between the two ele ctro de by a pply in g a voltage across 
the two electrodes in the state wherein the electrojxte^nd the two electrodes are in 
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contact. the molecular ass e mbly i s produced by allowing th e el e ctrolytic cell to hold 
an e lectrolyte containing molecul e s that is to constitute the mol e cular assembly, and 
applying a voltage across the two e l e ctrod e s in th e state wh e rein th e electrolyte and 
the two electrodes ar e in contact. 

(9) A method of forming a molecular assembly to form an electrically conductive 
nano-wire a mol e cular ass e mbly bv allowing an electrolytic cell to hold an 
electrolyte containing molecules that constitute a molecular assembly, and applying a 
voltage across the two electrodes in the state wherein the electrolyte and the two 
electrodes are in contact; including: 

an electrode adjusting step for adjusting the gap between the two electrodes to 
from 1 nm to 100 |im; 

an electrode mounting step for mounting the two electrodes onto the 
electrolytic cell; 

an electrolyte preparing step for dissolving the molecule(j^ 
an electrically conductive nano-wire molecular assembly in an organic solvent; 

an electrolyte injecting step for injecting the electrolyte into the electrolytic 
cell; and 

an electrolyzing step for applying an electric current of 1 nA to 1 mA across 
the two electrodes for a period of 1 0 days or below to make the potential difference 
between the two electrodes 10 mV to 20 V. 

( 1 0) The method of forming an electrically conductive nano- wire a mol e cular 
ass e mbly according to claim 9, wherein the voltage to be applied is a DC voltage or 
an AC voltage. In this case, the potential difference described in (9) means the 
maximum voltage. 

(11) An electrically conductive nano-wire, A mol e cular assembly having a 1 jim |L 
width of one constituent molecule to 1 urn, a nd a length of 1 nm to 500 |im ? and 
comprising oiojccujes that can ag£rej>ate se^assepabh. bvinteraction for movement 
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of charge an organic conductor compos e d of an organic compound having a 

7i electron syst e m as the constituent molecule. The term constituent molecule used 

herein means, for example, a phthalocyanine molecule and the like. 

( 1.2) An electrically conductive nano-wire according to the above (1 1), wherein the 
electrically conductive nano-wire having a width between the s ize of one constituent 
molecule to 1 yjXL 
and a length of 1 nm to 500 urn, 

and comprising TTF derivatives, dniiLcomplexes. porphyrin complexes or 
lAthalQcy anine^ 

(4^13) An electrically conductive nano-wire The molecular ass e mbly according to 
the above (1 1) or theabove (12\ wherein the conductivity of the molecular 
ass e mbly aii electi icallv ^ndM£liYgJiai^MIg 1S 1 Scm" 1 or more. The conductive 
molecular assembly is a preferable molecular assembly in the present invention. 
(4-3-14) A method of fabricating a electrically conductive nano-wire containing a 
molecular assembly of a diameter of 1 nm to 1 jam and a length of 1 nm to 500 |nm 
using an electrolyte containing an organic conductor having 7i-electrons, including: 

a step for fabricating the molecular assembly by applying a DC voltage and/or 
an AC voltage having the maximum potential difference of 1 0 mV to 20 V for 1 
second to 10 days across the two electrodes having a gap between the closest sites of 
the two electrodes of from 1 nm to 100 |j,m. 

(1 5 ) The method of fabricating an electrically condu ctive nano -wire according to 
thgjjb o^ 

fabricating the molecular assembly isa molecular assembly that contains molecules 
that can aggreg ate self-assemblv bv in teraction for movement of cha rge as the 
constituent molecule. 
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(4416) The method of fabricating a electrically conductive nano-wire according to 
the above (4414), wherein the organic conductor having n-electrons is a cyanocobalt 
complex of phthalocyanine. 

(441 7) The method of fabricating a electrically conductive nano-wire according to 
the above (13), wherein the organic conductor having 7i-electrons is tetraphenyl 
phosphonium dicyanocobalt (III) phthalocyanine, and the conductivity of the 
molecular assembly is 1 S*cm~ ! or more. 

(4618) A method of fabricating an electrically conductive nano-wire using an 

electrolytic apparatus including: 

two electrodes facing each other formed on a substrate, 

an electrolytic cell for holding an electrolyte and the substrate, and 

a voltage control device connected to the two electrodes, for controlling a 

voltage applied to the two electrodes; wherein 
the electrolytic cell includes: 

an electrolyte holder section for holding the electrolyte, and 
a substrate plug section for plugging the substrate; 

the site of the substrate plug section exposing the substrate when the substrate 
is plugged in the substrate plug section is covered with an insulator; 

the two electrodes have respective protrusions located either between both 
ends of each electrode and extending toward the other electrode, or on one end of 
each electrode and extending toward the other electrode by bending the each 
electrode at the one end; 

each end of the protrusions of the two facing electrodes faces each other in 
parallel, or is tapered as approaching the other protrusion; 

the two electrodes have an insulated portion covered with an insulator; and 

the gap between the closest sites of the two electrodes formed on the substrate 
is from 1 nm to 100 |im; 
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the method including a step for forming a molecular assembly having a 
diameter of 1 nm to 1 |im and a length of 1 nm to 500 jam, by allowing the 
electrolytic cell to hold an electrolyte containing tetraphenyl phosphonium 
dicyanocobalt (III) phthalocyanine, which are molecules that are to constitute a 
molecular assembly, and acetonitrile; and 

applying a DC voltage and/or an AC voltage having the maximum potential 
difference across two electrodes of 10 mV to 20 V across the two electrodes for 
0.0Q1 seconds to 10 days in the state wherein the electrolyte and the two electrodes 
are in contact. 

(19) The method of forming conductive nano-wire according to the above QJlL 

wherein the voltage to be applied is an AC voltage. 

(4-720) A method of fabricating an electronic circuit including: 

a step for exposing the gap of an electronic circuit ranging from 1 nm to 100 
|im to an electrolyte containing an organic conductor having 7T-electrons; and 

a step for applying a voltage across the electronic circuit, and exposing the 
gap using a conductive molecular assembly produced in the gap. 
(4-821) A method of fabricating an electronic circuit having a connecting portion of a 
conductive molecular assembly, including a step for exposing an electronic circuit 
having a gap of from 1 nm to 1 00 ^im to be filled by the conductive molecular 
assembly to an electrolyte containing an organic conductor having 7t-electrons; and 

a step for filling the gap using the conductive molecular assembly produced in 
the gap. 

(4-922) A method of fabricating an electronic circuit having a connecting portion of a 
conductive molecular assembly, including a step for exposing an electronic circuit 
having a gap with the distance of one to ten molecules to be filled by the conductive 
molecular assembly to an electrolyte containing an organic conductor having 
7i-electrons; and 
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a step for filling the gap using the conductive molecular assembly produced in 
the gap. 

Brief Description of the Drawings 

Figure 1 is a schematic diagram of an electrolytic cell; 

Figures 2 (a) and 2 (b) are schematic diagrams (top views) of an electrolytic 

cell; 

Figures 3 (a), (b) and (c) are schematic diagrams of respective electrodes; 
Figures 4 (a), (b) and (c) are schematic diagrams of respective protrusions (A 
in Figure 3 (a), or the like); 

Figure 5 is a diagram showing an example of electrodes on a substrate; Figure 

5 (a) being a plan and Figure 5 (b) being a sectional view; 

Figure 6 is a diagram showing an example of electrodes on a substrate; Figure 

6 (a) being a plan and Figure 6 (b) being a sectional view; 

Figure 7 is a diagram showing an example of electrodes on a substrate; Figure 

7 (a) being a plan and Figure 7 (b) being a sectional view.; 

Figures 8 (a) 5 (b) and (c) are diagrams showing an example of electronic 
circuits of the present invention; 

Figure 9 is an SEM photo of a molecular assembly formed in Example 1-1 
substituting the diagram; 

Figure 10 is an SEM photo of a molecular assembly formed in Example 1-2 
substituting the diagram; 

Figure 1 1 is an SEM photo of a molecular assembly formed in Example 1-3 
substituting the diagram; 

Figure 12 is an SEM photo of a molecular assembly formed in Example 1-4 
substituting the diagram; 
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Figure 13 is an SEM photo of a molecular assembly formed in Example 1-5 
substituting the diagram; 

Figure 14 is an SEM photo of a molecular assembly formed in Example 1-6 
substituting the diagram; 

Figure 15 is an SEM photo of a molecular assembly formed in Example 1-7 
substituting the diagram; 

Figure 16 is an SEM photo of a molecular assembly formed in Example 1-8 
substituting the diagram. Figure 16 (a) and Figure 16 (b) are 80 ? 000x and l,100x 
SEM photos, respectively; 

Figure 17 is an SEM photo of a molecular assembly formed in Example 1-9 
substituting the diagram; 

Figure 18 is an SEM photo of a molecular assembly formed in Example 2-1 
substituting the diagram; 

Figure 19 is an SEM photo of a molecular assembly formed in Example 3-1 
substituting the diagram; 

Figure 20 is an SEM photo of a molecular assembly formed in Example 3-2 
substituting the diagram; 

Figure 21 is an SEM photo of a molecular assembly formed in Example 3-3 
substituting the diagram; 

Figure 22 is an SEM photo of a molecular assembly formed in Example 3-4 
substituting the diagram; 

Figure 23 is an SEM photo of a molecular assembly formed in Example 3-5 
substituting the diagram; and 

Figure 24 is an SEM photo of a molecular assembly formed in Example 4-1 
substituting the diagram. 

Best Mode for Carrying Out the Invention 
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[Electrolytic Apparatus] 

Figure 1 is a schematic diagram of an electrolytic apparatus of the present 
invention. 

In Figure 1, the reference numeral 1 denotes an electrolytic cell, 2 denotes 
copper wires, 3 denotes a substrate plugging section, 4 denotes electrodes, and 5 
denotes a substrate. The electrolytic apparatus of the present invention has two 
electrodes (4) and an electrolytic cell (1). It is preferable that the electrolytic 
apparatus of the present invention has also a voltage control device (not shown) for 
controlling voltage applied across the two electrodes and/or a current control device 
(not shown) for controlling current supplied between the two electrodes. The 
electrolytic apparatus of the present invention forms a molecular assembly by 
allowing the electrolytic cell to hold an electrolyte containing molecules to constitute 
the molecular assembly, and by applying a voltage (or supplying a current) between 
the two electrodes in the state wherein the electrolyte and the two electrodes are in 
contact. 

A reference electrode and a potential measuring instrument for measuring the 
potential of the electrodes, a gate electrode and a computer for controlling may 
further be included. The electrolytic cell includes an electrolyte holding section for 
holding the electrolyte (solution), and a substrate plugging section for plugging the 
substrate. It is preferable that, for example, a clayey insulator is built up on the 
substrate plugging section as Figure 2 (a) shows. This plays a role of holding the 
substrate, and simultaneously protecting the electrodes. Such an insulator is 
preferably putty. In Figure 2 (a), the reference numeral 2 denotes copper wires, 3 
denotes a substrate plugging section, and 6 denotes an insulator. 
[Substrate] 

The substrate of the present invention is preferably a substrate on which at 
least two electrodes can be mounted. The materials for the substrate include a glass 
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substrate, a silicon substrate and a plastic substrate; however, the materials are not 
limited thereto if suited as a substrate for photolithography or electron beam 
lithography. The shape of the substrate is preferably rectangular parallelepiped. 
The length of the substrate is preferably 0. 1 mm to 1 0 cm, more preferably 1 mm to 5 
cm, further preferably 1 cm to 4 cm, and most preferably 2 cm to 3 cm. The 
substrate is preferably used after cleaned so as not to contain impurities. 
[Electrode] 

The electrodes in the present invention preferably include two electrodes 
facing each other and are mounted on a substrate. As Figures 6 (a) and 6 (b) show, 
a part of the two electrodes facing each other has preferably an insulated region 
covered with an insulator. The insulated regions include regions that use the 
surfaces of the electrodes other than surfaces closest to each electrode as the 
insulated region, as Figures 5 (a) and 5 (b) show; and when the electrodes have 
protrusions, regions that use the areas other than the protrusions as the insulated 
region, as Figures 7 (a) and 7 (b) show. In Figures 5 (a) and 5 (b), the reference 
numeral 4 denotes electrodes, 5 denotes a substrate and 15 denotes insulating layers. 
In Figures 7 (a) and 7 (b), the reference numeral 4 denotes electrodes, 5 denotes a 
substrate,* 1 5 denotes an insulating layer and 1 6 denotes a gate electrode. 

As Figures 6 (a) and 6 (b) show, the one including a gate electrode (16) 
formed on a substrate (5) and two electrodes (4) facing each other formed on 
insulating layers (15) that cover the gate electrode is preferable because it can 
function as an FET (field-effect transistor). In Figures 6 (a) and 6 (b), the reference 
numeral 4 denotes electrodes, 5 denotes a substrate, 1 5 denotes an insulating layer 
and 16 denotes a gate electrode. 

The materials of the electrodes formed on the substrate include electrically 
conductive materials, such as gold, platinum, copper and graphite, among which gold 
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and platinum are preferable; however, the materials are not limited thereto, as long as 
the material is suitable for the above-described lithography. 

It is preferable that at least two electrodes are formed on the substrate; 
however, the electrolytic cell may play a role of one of the electrodes. A gate 
electrode or a reference electrode may also be formed; and an electrode for 
measuring the properties of the electrolyte or the like may also be formed. 

As the configuration of the electrodes, a configuration where two electrodes 
face each other as shown in Figure 3 (b) is preferable; and having a protrusion 
located between both ends of each electrode and extending the other electrode, as 
shown in Figure 3 (c), or having a protrusion located on one end of each electrode 
and extending toward the other electrode by bending the each electrode at the one 
end, as shown in Figure 3 (a). This is because such shaped can effectively form a 
molecular assembly such as a conductive nano-wire. In Figures 3 (a), 3 (b) and 3 
(c), the reference numeral 4 denotes electrodes, 1 1 denotes a gap and 12 denotes 
protrusions. 

The shape of the protrusions is preferably such that the end of each of the gap 
portions of the two facing electrodes faces each other in parallel as exemplified in 
Figure 4 (a); more preferably such that the end of the gap portion of the two facing 
electrodes is tapered with approaching the other gap portion as exemplified in 
Figures 4 (b) and 4 (c); among which the stepwise shape as shown in Figure 4 (c) is 
preferable. 

The gap (11) between the electrodes is preferably from 1 nm to 100 (am, more 
preferably 1 nm to 1 jam, and further preferably 1 nm to 200 nm; however, it is not 
limited thereto if it is suited for the length of a desired nano-wire. 

The width of the electrodes is preferably 0.5 nm to 1 cm, and more preferably 
0.5 nm to 200 nm, or 1 mm to 3 mm. 

The length of the electrodes is preferably 1 nm to 25 mm. 
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It is preferable that the electrodes are immersed in an electrolyte. Preferably, 
20% or more of the volume of the electrodes are immersed, more preferably 50% or 
more of the volume of the electrodes are immersed, and further preferably 80% or 
more of the volume of the electrodes are immersed. 

It is also preferable that the electrolyte is dropped between the electrodes to 
perform electrolysis on the substrate. 
[Voltage Control Device] 

The voltage applied across the electrodes is preferably controlled by a voltage 
control device which is connected to the electrodes. It is more preferable that there 
is a reference electrode in the electrolytic cell and the potential difference between 
the electrodes can be measured, and based on the measure results, the voltage applied 
across the electrodes can be controlled. The current control device for controlling 
the current supplied between the electrodes may also be used together with or in 
place of the voltage control device. 
[Method of Fabricating Electrodes] 

It is preferable in the present invention that the electrodes are formed on a 
substrate. The methods of forming electrodes on a substrate include a mask vapor 
deposition method, a photolithography method, an electron beam lithography method, 
and a combination thereof; however, the methods are not limited thereto. 

In the mask vapor deposition method, a mask wherein a pattern to be an 
electrode is cut out is laid over the substrate, and a metallic film is vapor-deposited 
from the above. Thereafter, the mask is removed from the substrate. Thus, the 
metallic film is deposited only on the area to be the electrode, and a minute electrode 
can be formed. 

The electrode formation using the photolithography method includes a 
metallic film forming step for forming a metallic film on a substrate; a resist layer 
forming step for forming a resist layer on the metallic film vapor-deposited in the 
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metallic film forming step; a light exposure step for exposing the resist layer formed 
in the resist layer forming step to a desired pattern; a developing step for developing 
the exposed resist layer; and an etching step for etching the metallic film using the 
resist layer left after developing as a mask. The resist for forming the resist layer is 
not specifically limited as long as it is a photoresist. 

The electrode formation using the electron beam lithography method includes 
a metallic film forming step for forming a metallic film on a substrate; a resist layer 
forming step for forming a resist layer on the metallic film vapor-deposited in the 
metallic film forming step; an electron beam radiation step for radiating electron 
beams onto the resist layer formed in the resist layer forming step to a desired 
pattern; a developing step for developing the electron beam irradiated resist layer; 
and an etching step for etching the metallic film using the resist layer left after 
developing as a mask. The resist for forming the resist layer is not specifically 
limited as long as it is an electron beam resist. 
[Method for Forming Molecular Assembly] 

It is preferable that the method of forming a molecular assembly of the 
present invention is carried out using the above-described electrolytic apparatus. 
When the molecular assembly is formed, it is preferable to use a solution 
(electrolyte) wherein a substance for forming the molecular assembly (a molecular 
species to constitute the molecular assembly) is dissolved. It is preferable that the 
molecular assembly is formed using an electrolytic method wherein a voltage is 
applied to the electrolyte wherein a substance for forming the molecular assembly is 
dissolved by action of the above-described electrodes. In the present invention, a 
minute molecular assembly having a minute gap (such as a needle crystal and a 
nano-wire) can be formed. In a conventional molecular vapor deposition method 
carried out in ultra-high vacuum or molecular beam method, a functional group 
causing interaction such as hydrogen bond had to be introduced between molecules 
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when a molecular assembly such as a nano-wire was formed. The obtained 
molecular assembly was a molecular assembly having a closed-shell structure, and 
since HOMO is occupied by two electrons, charge transfer was difficult to occur, and 
only a molecular assembly having no thermal and electrical conductivity (insulator) 
was formed. However, in the electrolytic crystal growing method (electrolytic 
method) of the present invention, electrons are extracted from a part of or entire 
HOMO of the closed-shell molecules, and the state wherein a part of or entire 
molecular assembly has become SOMO can be produced. In the present invention, 
by growing a needle crystal or a nano-wire in an electric field, the needle crystal or 
the nano-wire can be grown utilizing charge-transfer interaction. As a result, a 
thermally and electrically conductive needle crystal or nano-wire can be formed. 

The substances to be a molecular assembly include an organic conductor, and 
a compound to form a conductor using an electrolytic method is more preferable. 

Organic conductors include organic compounds that have 7i-electrons, among 
which TTF derivatives including BEDT-TFF derivatives, dmit complexes, porphyrin 
complexes and phthalocyanines are preferable. 

The compounds that form electrical conductors using an electrolytic method 
include condensed polycyclic hydrocarbon derivatives, heterocyclic compound 
derivatives, hetero-polycyclic compound derivatives, and complexes containing these 
derivatives, among which TTF derivatives including BEDT-TFF derivatives, dmit 
complexes, porphyrin complexes and phthalocyanines are preferable, 
phthalocyanines and porphyrins are more preferable, and TPP [Co(Pc)(CN 2 )] 
(tetraphenylphosphonium dicyanocobalt (III) phthalocyanine) represented by 
Formula I is especially preferable. 
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Among porphyrins, a compound that has the basic skeleton represented by 
general formula III is preferable. 
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Formula III 

The solvents for dissolving a substance to be a molecular assembly include 
organic solvents, among which acetonitrile, acetone, alcohols, benzene, halogenated 
benzene, 1 -chloronaphthalene, dimethyl sulfoxide, N,N-dimethyl formamide, 
tetrahydrofuran, nitrobenzene, and pyridine are preferable; acetonitrile, acetone, 
ethanol, and methanol are more preferable; and acetone and acetonitrile are further 
preferable. As the proportion of the organic compound, the organic solvent wherein 
a substance to be a molecular assembly is saturated is exemplified; however, the 
proportion is not specifically limited. 

The current supplied between the electrodes may be either a direct current or 
an alternate current. The current supplied between the electrodes is preferably 1 nA 
to 1 mA, and more preferably 100 nA to 10 jaA. The potential difference between 
the electrodes is preferably 10 mV to 20 V, more preferably 1 V to 5 V, and most 
preferably 2 V to 3 V. In the case of an alternate current, a frequency of 1 mHz to 1 
kHz is preferable, and a frequency of 500 mHz to 10 Hz is more preferable. In the 
case of an alternate current, although the waveforms include a sinusoidal wave, a 
square wave and a saw-tooth wave, a sinusoidal wave and a square wave are 
preferable, and a square wave is especially preferable. The amplitude in the case of 
an alternate current is preferably 10 mV to 20 V, more preferably 1 V to 5 V, and 
most preferably 2.5 V to 5 V. The time for applying the voltage is, for example, 10 
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days or less, preferably 0.001 seconds to 10 days, more preferably 1 second to 2 
days; however, the time suitable for the size and type of the molecular assembly to 
be formed, and the applied voltage may be selected. 

The temperature of the electrolyte is preferably -30°C to 200°C, more 
preferably -30°C to 120°C, and most preferably 15°C to 30°C. It is preferable that 
the electrolyte is not boiled or freezed. 
[Molecular Assembly] 

The molecular assemblies obtained using the method of forming molecular 
assemblies of the present invention include needle crystals and conductive 
nano-wires. The term nano-wire used herein means a linear substance of a width of 
the width of a molecule to 1 (am and a length of the length of two molecules or 
longer, wherein molecules are regularly arrayed. 

The diameter of a needle crystal and a nano-wire is preferably 1 nm to 1 |am, 
and more preferably 1 nm to 200 nm. The length of the needle crystal is 10 nm to 
100 jim. The molecular assembly of the present invention has the ratio of the long 
axis 1 to the short axis s (1/s) of preferably 1 or more, and more preferably 2 or more. 

As the method of forming molecular assemblies, the proportion of obtained 
molecular assemblies having a diameter of from 1 nm to 100 nm and a length of 10 
nm to 1 00 (am is preferably 60% or more, further preferably 80% or more, more 
preferably 90% or more, yet preferably 95% or more, and most preferably 99% or 
more. 

Particularly, the molecular assembly is constituted of repeated units each 
having preferably 1 to 100 regularly arranged rows of molecules constituting the 
molecular assembly, more preferably 1 to 50 rows, further preferably 1 to 20 rows, 
and most preferably 1, 2, 3, 4 or 5 rows. The needle crystal may be a wire-like 
crystal bending to some extent. Since the redox reaction by electrolysis is used, 
conductivity can be imparted to a nano-molecular assembly itself. Specifically, 
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since the molecular assembly does not have a closed-sell structure as conventional 
nano-molecular assemblies, electron transfer easily occurs between molecules 
constituting the molecular assembly, the molecular assembly can be highly 
conductive. 

The conductivity of the molecular assembly is preferably controlled 
depending on the requirement of the conductive nano-wire or the like. Generally, 
the conductivity is preferably 1 S-cm" 1 or higher and superconductivity or lower, 
more preferably 10 Scm" 1 or higher and superconductivity or lower, further 
preferably 100 S-cm* 1 or higher and superconductivity or lower, and most preferably 
500 S-cm" 1 or higher and superconductivity or lower; however, the conductivity may 
be 1 x 10 100 S-cm" 1 or lower, or may be 1 x 10 10 S-cm" 1 or lower, and the 
conductivity preferable for the use can be selected. 

The shape of the molecular assembly is preferably linear, prismatic, columnar, 
and block-like; however, it is not specifically limited as long as the molecules are 
regularly arrayed. 

The molecular assembly is preferably grown on a substrate, more preferably 
grown on or around electrodes, and most preferably between electrodes, especially in 
the gap portion. The electrolytic cell is preferably left stationary during the 
growing period. 

The molecular assembly may be used as a conductive nano-wire as it is. 
Molecular assemblies may be bundled to form a conductive nano-wire, and 
molecular assemblies may be subjected to coupling treatment to, for example, 
conductive filler, and can be used as a conductive nano-wire. 
[Method of Fabricating Electronic Circuit] 

The present invention further provides a method of fabricating a functional 
electronic circuit, including a step for exposing the gap in an electronic circuit having 
a gap portion of from 1 nm to 1 00 jam with an electrolyte containing an organic 
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conductor that has 7t-electrons; and a step for exposing the gap using a conductive 
molecular assembly formed in the gap when a voltage is applied to the electronic 
circuit. The present invention also provides a method of fabricating an electronic 
circuit having a connection portion formed of a conductive molecular assembly, 
including a step for exposing an electronic circuit having a gap portion of from 1 nm 
to 100 jim to be connected by a conductive molecular assembly with an electrolyte 
containing an organic conductor that has 7i-electrons; and a step for exposing the gap 
with conductive molecular assembly formed in the gap. For example, an electronic 
circuit having a gap as Figure 8 (a) shows is previously fabricated, and after masking 
the circuit portion, the circuit is immersed in an electrolyte (Figure 8 (b)), and a 
voltage is applied to the electronic circuit. Then, a conductive molecular assembly 
is formed in the gap portion, and connects the gap (Figure 8 (c)). By controlling the 
formed molecular assembly, various characteristics can be imparted to the electronic 
circuit. When, the electronic circuit is contacted to the electrolyte, the portions 
other than the gap portion (especially the circuit portion of the electronic circuit) are 
preferably masked so as not to directly contact the electrolyte. In Figures 8 (a), 8 
(b) and 8 (c), the reference numeral 21 denotes an electronic circuit, 22 denotes a gap, 
23 denoted a DC/AC power source, 25 denotes an electrolyte, and 27 denotes a 
molecular assembly. 

The conductive molecular assembly (conductive nano-wire) that connects the 
gap portion of the electronic circuit exhibits properties different from the properties 
of ordinary electronic circuits, such as a different conductivity. Utilizing the 
characteristics of the conductive molecular assembly portion, a functional electronic 
circuit is fabricated. The electronic circuit fabricated using the above-described 
method can be used as it is as a chip, such as an IC. 

The conductive molecular assembly portion functions as an element such as a 
transistor and a tunnel element. The circuit portion has a different resistivity from 
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the conductive molecular assembly portion. Therefore, if the conductive molecular 
assembly is controlled, an electronic circuit having an adequate resistance can be 
fabricated. 

As the gap portion of an electronic circuit, the present invention can 
preferably use a gap of an atom to about 10 atoms. For example, one or two atoms 
can be used for connecting the circuit to fabricate a connected device. Thereby, a 
functional element at a molecular level, such as an monatomic tunnel element and an 
monatomic transistor, can be fabricated. 

Examples 

[Example 1 : Fabrication of Electrolytic Cell] 

An electrolytic cell shown in Figure 1 was fabricated using a commercially 
available reagent bottle. As Figure 2 (b) shows, copper wires were connected to an 
upper portion of the electrodes with gold wires. In Figure 2 (b) the reference 
numeral 2 denotes copper wires, 7 denotes gold wires, and 8 denotes silver paste. 

As the electrolyte-holding section, the body portion of the reagent bottle was 
used; and as the substrate-plugging section, the altered cap of the reagent bottle was 
used. Putty was mounded up on the substrate-plugging section. 

The diameter of the reagent bottle was 23 mm. 
[Example 2: Fabrication of Electrodes with 20-|im Gap] 

The electrodes used in the electrolytic molecular assembly growing method 
were formed on a glass plate. A glass plate of a size of 25 x 10 mm was prepared, 
and a mask was deposited on the glass plate. Thereafter, gold was vapor-deposited 
on the masked glass substrate. Then, the mask was removed from the glass 
substrate. Thus, gold electrodes were formed on the glass substrate. The width of 
each electrode was 2 to 5 mm, the length of each electrode was 2.0 cm to 2.3 cm, and 
the gap between the electrodes was 20 urn. 
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[Example 3: Fabrication of Nano-Gap Electrodes] 

The electrodes used in the electrolytic molecular assembly growing method 
were formed on a glass plate. A glass plate of a size of 25 x 10 mm was prepared, 
and platinum was vapor-deposited on the glass substrate. A mask having a rough 
shape of the electrodes was printed on an OHP sheet. A photoresist agent was 
spin-coated on the platinum-deposited glass substrate. Spin coating was performed 
for 60 seconds at a rotation speed of the spin coater of 3,000 rpm. The photoresist 
agent was dried at 1 10°C for 1 minute to form a coating film. The glass substrate 
coated with the photoresist agent was exposed using a mask aligner with a 
mercury-lamp light source through the mask. Developing was performed using a 
Microposit Developer MF319 (manufactured by Shipley Far East, Ltd.) for 60 
seconds. At that time, the portion not exposed was completely dissolved. The 
glass substrate was then cleaned with pure water. Thus, the rough shapes of the 
electrodes were formed. 

Further, the substrate on which the rough pattern of the electrodes had been 
formed was coated with an electron beam resist ZEP7000 (manufactured by ZEON 
corporation) of a thickness of 350 nm using a spin coater. Thereafter, the substrate 
was baked in the atmosphere at 180°C for 180 minutes. The substrate exhibited fair 
wetness and spreading to the electron beam resist. Electron beam drawing was 
performed on the electron beam resist-coated substrate. Specifically, the substrate 
was scanned along the graphic data consisting of a large number of dense thin lines 
using Gaussian circular electron beams having a diameter of 20 nm, an accelerating 
voltage of 30 kV and an electron beam intensity of 4 nC-cm" 2 to perform electron 
beam light exposure. After light exposure, the developing process of the electron 
beam resist was performed using ZED500 (manufactured by ZEON corporation). 
Thus, the electrodes were formed. 
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[Example 1-1] 

To the electrolyte holding section, 5 mg of TPP [Co(Pc)(CN) 2 ] and 14 ml of 
acetonitrile were added and dissolved to form a saturated electrolyte containing 
insoluble substances. The electrode substrate was plugged in the substrate plugging 
section, and the electrode substrate was fixed in place using putty. Gold wires were 
placed between the upper portions of the electrodes and the copper wires of the 
electrolytic cell, and fixed with silver paste. After connecting the substrate holding 
section to the electrolyte holding section, a digital multi-meter was connected to the 
copper wires. A voltage of 2.0 V was applied to the electrodes, and allowed to 
stand for one day. The temperature of the electrolyte was 23 °C. 

The molecular assembly thus obtained was columnar with a length of 50 jam 
to 300 jam and a width of 5 jam to 30 jam. The SEM photograph of thus obtained 
molecular assembly is shown in Figure 9. 
[Example 1-2] 

A molecular assembly was formed in the same manner as in Example 1-1 
except that the electrolyzing time was 100 minutes. 

The molecular assembly thus obtained was plate-like with a length of 10 jam 
to 20 jim and a width of 1 jam to 5 |im. The SEM photograph of thus obtained 
molecular assembly is shown in Figure 10. 
[Example 1-3] 

A molecular assembly was formed in the same manner as in Example 1-1 
except that a voltage of 1 .0 V was applied for one day, and a voltage of 1 .5 V was 
further applied for one day. 

The molecular assembly thus obtained was block-like with a length of 6 jum 
to 10 jam and a width of 2 jim to 5 jam. The SEM photograph of thus obtained 
molecular assembly is shown in Figure 1 1 . 
[Example 1-4] 
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A molecular assembly was formed in the same manner as in Example 1-1 
except that the electrolyzing time was 193 minutes. 

The molecular assembly thus obtained was columnar with a length of 1 0 jam 
to 50 jam and a width of 500 rim to 8 jam. The SEM photograph of thus obtained 
molecular assembly is shown in Figure 12. 
[Example 1-5] 

A molecular assembly was formed in the same manner as in Example 1-1 
except that the applied voltage was 2.5 V and the electrolyzing time was 193 
minutes. 

The molecular assembly thus obtained was columnar with a length of 10 (am 
to 50 Jim and a width of 500 nm to 8 jam. The SEM photograph of thus obtained 
molecular assembly is shown in Figure 13. 
[Example 1-6] 

A molecular assembly was formed in the same manner as in Example 1-1 
except that the applied voltage was 2.5 V and the electrolyzing time was 33 minutes. 

The molecular assembly thus obtained was needle-like with a length of 1 0 jam 
to 50 |nm and a width of 100 nm to 200 nm. The SEM photograph of thus obtained 
molecular assembly is shown in Figure 14. 
[Example 1-7] 

A molecular assembly was formed in the same manner as in Example 1-1 
except that the applied voltage was 2.5 V and the electrolyzing time was 26 minutes. 

The molecular assembly thus obtained was bent wire-like with a length of 2 
jam to 10 jam and a width of 200 nm to 300 nm. The SEM photograph of thus 
obtained molecular assembly is shown in Figure 15. 
[Example 1-8] 

A molecular assembly was formed in the same manner as in Example 1-1 
except that the applied voltage was 2.5 V and the electrolyzing time was 26 minutes. 
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The molecular assembly thus obtained was needle-like with a length of 10 (im 
to 30 urn and a width of 100 nm to 300 nm. The SEM photograph of thus obtained 
molecular assembly is shown in Figure 16. 
[Example 1-9] 

A molecular assembly was formed in the same manner as in Example 1-1 
except that the applied voltage was 2.5 V and the electrolyzing time was 4 minutes. 

The molecular assembly thus obtained was needle-like with a length of 5 |im 
to 30 Kim and a width of 300 nm to 3 nm. The SEM photograph of thus obtained 
molecular assembly is shown in Figure 17. 
[Example 2-1] 

A molecular assembly was formed in the same manner as in Example 1-1 
except that nano-gap electrodes formed by electron beam lithography were used as 
the substrate (Figures 3a and 4c) 9 the applied voltage was 2.5 V and the electrolyzing 
time was 339 minutes. 

The molecular assembly thus obtained was block-like with a length of 1 |im 
to 10 |^m and a width of 500 nm to 3 ]um. The SEM photograph of thus obtained 
molecular assembly is shown in Figure 18. 
[Example 3-1] 

A molecular assembly was formed in the same manner as in Example 1-1 
except that an alternate current (amplitude: 3.0 V, frequency: 2.0 Hz, square waves) 
was used, and the electrolyzing time was 10 seconds. 

The molecular assembly thus obtained was needle-like with a length of 30 |am 
to 50 |am and a width of 500 nm to 1 jam. The SEM photograph of thus obtained 
molecular assembly is shown in Figure 19. 
[Example 3-2] 

A molecular assembly was formed in the same manner as in Example 3-1 
except that an alternate current (amplitude: 2.5 V, frequency: 0.1 Hz ? sinusoidal 
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waves) was used, and the electrolyzing time was 4 minutes; and then an alternate 
current (amplitude: 5.0 V, frequency: 0.1 Hz, sinusoidal waves) was used, and the 
electrolyzing time was 1 8 minutes. 

The molecular assembly thus obtained was block-like with a length of 1 }im 
to 3 ^im and a width of 200 nm to 800 nm. The SEM photograph of thus obtained 
molecular assembly is shown in Figure 20. 
[Example 3-3] 

A molecular assembly was formed in the same manner as in Example 3-1 
except that an alternate current (amplitude: 5.0 V, frequency: 0.5 Hz, square waves) 
was used, and the electrolyzing time was 20 minutes. 

The molecular assembly thus obtained was needle-like bundle with a length of 
500 nm to 10 |im and a width of 50 nm to 1 jam. The SEM photograph of thus 
obtained molecular assembly is shown in Figure 21. 
[Example 3-4] 

A molecular assembly was formed in the same manner as in Example 3-1 
except that an alternate current (amplitude: 5.0 V, frequency: 0.2 Hz, square waves) 
was used, and the electrolyzing time was 23 minutes. 

The molecular assembly thus obtained was needle-like bundle with a length of 
1 ^im to 3 jam and a width of 1 00 nm to 500 nm. The SEM photograph of thus 
obtained molecular assembly is shown in Figure 22. 
[Example 3-5] 

A molecular assembly was formed in the same manner as in Example 3-1 
except that an alternate current (amplitude: 5.0 V, frequency: 0.1 Hz, square waves) 
was used, and the electrolyzing time was 5 minutes. 

The molecular assembly thus obtained was needle-like with a length of 1 0 ^im 
to 20 jam and a width of 1 jam to 2 jam. The SEM photograph of thus obtained 
molecular assembly is shown in Figure 23. 
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[Example 4-1] 

The electrode substrate was plugged in the substrate plugging section, and the 
electrode substrate was fixed in place using putty. Gold wires were placed between 
the upper portions of the electrodes and the copper wires of the electrolytic cell, and 
fixed with silver paste (Figure 2 (b)). One drop of an acetonitrile saturated solution 
of TPP • [Co(Pc)(CN) 2 ] was placed on the substrate using a Pasteur pipette so as to 
cover both electrodes. After connecting the substrate holding section to the 
electrolyte holding section, a digital multi-meter was connected to the copper wires. 
An alternate current (amplitude: 3.0 V, frequency: 2.0 Hz, square waves) was 
supplied to the electrodes, and allowed to stand for 10 seconds. The temperature of 
the electrolyte was 23 °C. 

The molecular assembly thus obtained was needle-like with a length of 1 0 jim 
to 50 jam and a width of 200 nm to 1 jam. The SEM photograph of thus obtained 
molecular assembly is shown in Figure 24. 

Industrial Applicability 

According to the present invention, a molecular assembly of a minute 
conductive compound can be controlled and fabricated at a molecular level 
(nano-level). 

According to the method of fabricating an electrolytic apparatus and a 
molecular assembly, a minute needle crystal and nano-wire controlled at a nano-level 
order can be formed. Since the electrolytic apparatus can be fabricated without 
using vacuum, the costs can be drastically reduced. According to the present 
invention, since molecules coagulate spontaneously by means of charge-transfer 
interaction to make a self-assembly, a molecular assembly and a nano-wire can be 
formed without introducing an interactive functional group into the molecule. 
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Also according to the present invention, since the molecular assembly is 
grown in a system other than vacuum, such as in a solution, the situation wherein the 
properties of the molecular assembly change when vacuum is broken can be avoided. 

Since the structure of the molecular assembly of the present invention is 
controlled at a molecular level, applications to various devices are expected. 

If the molecular assembly of the present invention is a molecular assembly of 
an organic conductor, it can be applied to an antistatic agent, an electron gun, or a 
circuit element. 

For example, if molecules having SOMO are present, the molecular assembly 
of the present invention becomes a partially oxidized state, and has a high 
conductivity unlike conventional minute molecular assemblies (nano-wires etc.). 
Therefore, the molecular assembly of the present invention can be used as the 
molecular wiring for LSIs or the like. An FET element can also be fabricated using 
the molecular assembly of the present invention itself. By replacing other 
functional molecules with a part of the component of the minute molecular assembly 
of the present invention, the conductivity can be controlled, or a magnetic function, 
photoconductivity and a memory function can be imparted. 

In addition, by using only one or two molecules for the connection of 
electronic circuits to fabricate a connected device, a functional element at a 
molecular level, such as a monatomic tunnel element and a monatomic transistor can 
be fabricated. 

Furthermore, according to the present invention, an electronic circuit having a 
desired function can be easily and conveniently fabricated at a molecular level, and 
the function can also be easily controlled. 
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CLAIMS 

1 . An electrolytic apparatus for producing a molecular as s embl y an elec trically 
conductive nano-wire „ comprising: 

two electrodes, and 

a voltage contr ol device for controlling the voltage apqlie d across the two 
electrodes, 

an electrolytic cell for holding an electrolyte and the two electrodes, wherein 
the gap between the two electrodes is from 1 nm to 100 jam, and 

the electrically conductiv ejiano~\vire, mol e cular as s embly is produced 
between the two electr odes or abo ve the two electrodes, bv allowing the electrolytic 
cell to hold an electrolyte containing molecules that is to constitute an electrically 
conductive jim Qzw ire th e mol e cular ass e mbly , and generate ,,a.amdimtjo£^ljaj^ 
between the two electrode b \i applying a voltage across the two electrodes in the state 
wherein the electrolyte and the two electrodes are in contact. 

2. The electrolytic apparatus for producing an electrically conductive na no-wire 
a molecular assembly according to claim 1 , further comprising: 

a voltage control d e vic e for controlling the voltag e applied across the two 

electrode s, and/or a curr e nt control d e vice for controlling th e curr e nt suppli e d to the 
two e l e ctrod e s. 

af*d-characterized in that the two electrodes are formed on a substrate. 

3. An electrolytic apparatus for producing an dectricall\Lmnduct nang^im^ 
a molecular ass e mbly comprising: 

two electrodes facing each other, and formed on a substrate, 

an electrolytic cell for holding an electrolyte and the substrate, and 
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a voltage control device connected to the two electrodes for controlling the 
voltage applied across the two electrodes, wherein 

the electrolytic cell comprises: 

an electrolyte holder section for holding the electrolyte, and 
a substrate plug section for plugging the substrate, 

the two electrodes have respective protrusions located either between both 
ends of each electrode and extending toward the other electrode, or on one end of 
each electrode and extending toward the other electrode by bending the each 
electrode at the one end; 

the gap between the closest sites of the two electrodes formed on the substrate 
is from 1 nm to 100 jam; and 

the dectn call v co nductive nano - wire is produced betvve enjt he two elect rodes 
or above the two e lectrodes, b y. allowing; the electrolytic cell to hold an electrolyte 
containing that is to const itutem cond^ a and 

generate a gradient of voltage between the two electrode bv applying; a voltage across 
the two electrodes m the state wherein the electrolyte and the two electrodes are in 
mnja ct th e mol e cular assembly is produced by allowing the electrolytic cell to hold 
an e l e ctrolyte contain i ng molecul e s that is to constitut e the molecular ass e mbly, and 
supp ly ing a curr e nt to the two electrodes in the s tate wher ein the ele ctrolyt e and th e 
two electrodes are in contact . 

4. The electrolytic apparatus for producing a n dec trical 1 y. ^Qn Al fiti^gJamadaB 

a mo lec ular ass e mbly according to claim 3, wherein 

each end of the protrusions of the two facing electrodes faces each other in 
parallel, or is tapered as approaching the other protrusion; and the two electrodes 
have an insulated portion covered with an insulator; and 
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the site of the substrate plug section exposing the substrate when the substrate 
is plugged in the substrate plug section is covered with an insulator. 

5. An electrolytic apparatus for producing a n electrically conductive nano-wire 
a molecular ass e mbly comprising : 

a substrate, a gate electrode formed on the substrate, an insulating layer 
covering the gate electrode, two facing electrodes formed on the insulating layer; 

an electrolytic cell for holding the electrolyte and the substrate; and 

a voltage control device connected to the gate electrode and two electrodes for 
controlling the voltages applied across the gate electrode and two electrodes; wherein 

the electrolytic cell includes: 

an electrolyte holder section for holding the electrolyte, and 
a substrate plug section for plugging the substrate; 

the site of the substrate plug section exposing the substrate when the substrate 
is plugged in the substrate plug section is covered with an insulator; 

the two electrodes have respective protrusions located either between both 
ends of each electrode and extending toward the other electrode, or on one end of 
each electrode and extending toward the other electrode by bending the each 
electrode at the one end; 

each end of the protrusions of the two facing electrodes faces each other in 
parallel, or is tapered as approaching the other protrusion; 

the two electrodes have an insulated portion covered with an insulator; 

the gap between the closest sites of the two electrodes formed on the substrate 
is from 1 nm to 100 (am; 

th e mol e cular assembly is produc e d by allowing the electrolytic c e ll to hold 

ail e l e ctrolyt e containing mol e cul e s that is to constitute th e mol e cular assembly, and 
applying a voltage across the two electrodes in the state wherein the e l e ctrolyte and 
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th e two electrod e s are in contact, the el ectrically conductive nanowire is produced 
between t he two el ectrodes or above the two electrodes, bv allowin g the electrolytic, 
g ell to hold an electro l yte containing , molecules that is to constitute apjdectn cal 1 y 
conductive nano-wire , and generate a gradient of voltage between the two electrode 
bv applying a voltage across the two ele ctrodes in the state wherein the electrolyte 
and the two electrode s are in contact. 

6. A method of fabricating an electrolytic apparatus for forming Mi„dectri,c Ml.v 

conductive nano-wire a molecular assembly , the apparatus comprising: 
two electrodes facing each other formed on a substrate, 
an electrolytic cell for holding an electrolyte and the substrate, and 
a voltage control device connected to the two electrodes through electrode 

lines for controlling the voltage applied across the two electrodes, the method 

comprising: 

a step for forming electrodes having a gap of from 1 nm to 100 jam between 
them on the substrate, by: 

a metallic-film forming step for forming a metallic film on the substrate; 

a resist layer forming step for forming a resist layer on the metallic film 
vapor-deposited in the metallic-film forming step; 

a light exposure step for exposing the resist layer formed in the resist layer 
forming step to a desired pattern; 

a developing step for developing the resist layer exposed in the light exposure 
step; and 

an etching step for etching the metallic film using the resist layer left after the 
developing step as a mask; wherein 

the electrically conductive nan o-wire i s produced betwee n the two e lectrodes 
or.a.bmeJh.e two electrodes. bxaUowing the to h old an„dectmlyte 



PCT/JP03/02713 (amended under Art.34,PCT) 
- 39 - 



containing molecules that is to constitute an electrica lly condu ctive nano-wire , and_ 
generate a gradient of voltage between the two electrode by applying a voltage across 
the two electrodes in tlie^state wherein the ele ctrolyt e and the two dectro.d_es_are in 
contact. the molecular assembly is produc e d by allowing the el e ctrolytic cell to hold 
an electrolyt e containing molecules that is to constitut e th e molecular assembly, and 
applying a voltage across the two e lectrod e s in th e stat e wh e rein the e l e ctrolyt e and 
th e two electrodes are in contact. 

7. A method of fabricating an electrolytic apparatus for forming an electrically 

conductive nano-wire a molecular assembly , the apparatus comprising: 
two electrodes facing each other, and formed on a substrate, 
an electrolytic cell for holding an electrolyte and the two electrodes, and 
a voltage control device connected to the two electrodes through electrode 

lines for controlling the voltage applied across the two electrodes; the method 

comprising: 

a step for forming electrodes having a gap of from 1 nm to 1 00 |Lim between 
them on the substrate, by: 

a metallic-film forming step for forming a metallic film on the substrate; 

a resist layer forming step for forming a resist layer on the metallic film 
vapor-deposited in the metallic-film forming step; 

an electron beam radiating step for radiating electron beams onto the resist 
layer formed in the resist layer forming step to a desired pattern; 

a developing step for developing the resist layer irradiated in the electron 
beam radiating step; and 

an etching step for etching the metallic film using the resist layer left after the 
developing step as a mask; wherein 
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the electrically conductive nano-wire is produced between the two electrodes 
or above the two electrodes, by allowing the electrolytic cell to hold an electrolyte 
containin g; molec ules t h at is to constitute conductive nano-wire. andj^merate a 
gradient of voltage between the two electrode bv applying, a volta&e m across the two 
electrod es in the state where in the el ectrolyte and the tw o electro des are in 
c ontact. th e mol e cular a s s e mbly is p r oduc e d by all o wing the electrolytic cell to hold 
an electrolyte containing molecules that i s to constitut e the molecular assembly, and 
applyi n g a volta g e across the two el e ctrodes in th e stat e wh e rein, the electrolyt e and 
the two electrodes are in contact. 

8. A method of fabricating an electrolytic apparatus for forming conductive 

nano-wirea m o l ec u lar as s em b l y , an apparatus comprising: 

two electrodes facing each other formed on a substrate, 

an electrolytic cell for holding an electrolyte and the substrate, and 

a voltage control device connected to the two electrodes through electrode 

lines for controlling the voltage applied across the two electrodes; the method 

comprising: 

a step for forming electrodes having a gap of from 1 nm to 100 |nm between 
them on the substrate, by: 

a metallic-film forming step for forming a metallic film on the substrate; 

a photoresist layer forming step for forming a photoresist layer on the metallic 
film vapor-deposited in the metallic-film forming step; 

a light exposure step for exposing the photoresist layer formed in the 
photoresist layer forming step to a desired pattern; 

a first developing step for developing the photoresist layer exposed in the 
light exposure step; 
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a rough electrode-form forming step for forming a rough form of the electrode 
on the substrate by the step including a first etching step for etching the metallic film 
using the photoresist layer left after the first developing step as a mask; 

an electron beam resist layer forming step for forming an electron beam resist 
layer on the rough form of the electrode formed in the rough electrode-form forming 
step; 

an electron beam radiating step for radiating electron beams onto the electron 
beam resist layer formed in the electron beam resist layer forming step to a desired 
pattern; 

a second developing step for developing the electron beam resist layer 
irradiated in the electron beam radiating step; and 

a second etching step for etching the metallic film using the electron beam 
resist layer left after the second developing step as a mask; wherein 

the electmd^oiiabo^ 
two electrodes, bv allowing the elect rolytic cell to hold an electro lyte containing 
moleculgs ,,that^ nano-wire^and ^^^S&MJM^MSLqL 

mto£^etweml 

the state wherein the electrolyte and the two electrodes are in contact the mol e cular 
ass e mbly is produced by allowing the electrolytic cell to hold an el e ctrolyte 
containing molecul e s that is to constitut e the molecular ass e mbly, and applying a 
voltag e across the two e lectrod e s in th e state wherein the electrolyte and th e two 
electrod e s ar e in contact. 

9. A method of forming an electrically conductive nano-wire a m o l ec ul ar 
ass e mbly to form conductive nano-wire a mol e cular assemb l y by allowing an 
electrolytic cell to hold an electrolyte containing molecules that is to constitute an 
electrical ly conductive nano-wire a molecular assembly , and applying a voltage 
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across the two electrodes in the state wherein the electrolyte and the two electrodes 
are in contact; comprising: 

an electrode adjusting step for adjusting the gap between the two electrodes to 
from 1 nm to 1 00 ^im; 

an electrode mounting step for mounting the two electrodes onto the 
electrolytic cell; 

an electrolyte preparing step for dissolving the m o 1 e cu 1 e( s.) th a t a r e . cmstLmte„ 
cmidu^ assembly in an organic solvent; 

an electrolyte injecting step for injecting the electrolyte into the electrolytic 
cell; and 

an electrolyzing step for applying an electric current of 1 nA to 1 mA across 
the two electrodes for a period of 10 days or below to make the potential difference 
between the two electrodes 10 mV to 20 V. 

1 0. The method of forming an electri cally cond uctive na no-wire a mol e cular 
assembly according to claim 9, wherein the voltage to be applied is a D C vo ltage or 
an AC voltage. 

1 1 . An electric ally conductive nano-wire A molecular assembly having a width 
between 1 pm to the size of one constituent molecule to 1 urn , and a length of 1 nm 
to 500 |am ? and comprising niolecules 

fmj^^gmgD l^f^ msg ^aB organic conductor composed of an organic compound 
ha vi n g a 71 - electron s yst e m as the constituent molecule. 

An Jgjgaasato conductive nano-wire according to claim 11. 
wherein th e gkgMsillv conductive nano-wire having a width between the size of one 
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mdjjjen gth of 1 nm to SOOjim.,-. 

and comprising TTF derivatives, dmit complexes, po r phyrin complexes or_ 
phthaLocv anme^^ 

+211. A electric ally conduct ive nano-wire Th e molecular assembly according to 
claim 1 1 or claim 12 , wherein the conductivity of the a electrically conductive 
nan o - wi re , mo 1 ec ul ar assembly is 1 Scm" 1 or more. 

4-514. A method of fabricating ao electrically conductive nano-wire containing a 
molecular assembly of a diameter of 1 nm to 1 |im and a length of 1 nm to 500 jj,m 
using an electrolyte containing an organic conductor having 7t-electrons ? comprising: 
a step for fabricating the molecular assembly by applying a DC voltage and/or 
an AC voltage having the maximum potential difference of 10 mV to 20 V for 1 
second to 1 0 days across the two electrodes having a gap between the closest sites of 
the two electrodes of from 1 nm to 100 |im. 

jJL The method. of fabricating an electrical],y,cmiduct 
cMmJA wh 

the molecular assembly is a molecular assembly that contains molecules that can 
agg re gate self-assembly bv interaction for movement of charge as the constituent 
molecule. 

4416. The method of fabricating an electrically conductive nano-wire according to 
claim 4-3-14, wherein the organic conductor having 7i-electrons is a cyanocobalt 
complex of phthalocyanine. 
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4412. The method of fabricating an electrically conductive nano-wire according to 
claim 13, wherein the organic conductor having 7i-electrons is tetraphenyl 
phosphonium dicyanocobalt (III) phthalocyanine, and the conductivity of the 
molecular assembly is 1 S-cm" 1 or more. 

4-618- A method of fabricating an electrically conductive nano-wire using an 

electrolytic apparatus comprising: 

two electrodes facing each other, and formed on a substrate, 

an electrolytic cell for holding an electrolyte and the substrate, and 

a voltage control device connected to the two electrodes, for controlling a 

voltage applied to the two electrodes; wherein 
the electrolytic cell includes: 

an electrolyte holder section for holding the electrolyte, and 
a substrate plug section for plugging the substrate; 

the site of the substrate plug section exposing the substrate when the substrate 
is plugged in the substrate plug section is covered with an insulator; 

the two electrodes have respective protrusions located either between both 
ends of each electrode and extending toward the other electrode, or on one end of 
each electrode and extending toward the other electrode by bending the each 
electrode at the one end; 

each end of the protrusions of the two facing electrodes faces each other in 
parallel, or is tapered as approaching the other protrusion; 

the two electrodes have an insulated portion covered with an insulator; and 

the gap between the closest sites of the two electrodes formed on the substrate 
is from 1 nm to 100 jam; 
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the method comprising a step for forming a molecular assembly having a 
diameter of 1 nm to 1 fim and a length of 1 nm to 500 jam, by allowing the 
electrolytic cell to hold an electrolyte containing tetraphenyl phosphonium 
dicyanocobalt (III) phthalocyanine, which are molecules that are to constitute a 
molecular assembly, and acetonitrile; and 

applying a DC voltage and/or an AC voltage having the maximum potential 
difference across two electrodes of 10 mV to 20 V across the two electrodes for 
0.001 seconds to 10 days in the state wherein the electrolyte and the two electrodes 
are in contact. 

19. The according to claim 

1 8> „w h.erein the voltage to be applied is an AC yoltage... 

4-72.Q. A method of fabricating an electronic circuit comprising: 

a step for exposing the gap of an electronic circuit ranging from 1 nm to 100 

|im to an electrolyte containing an organic conductor having 7i-electrons; and 

a step for applying a voltage across the electronic circuit, and filling the gap 

using a conductive molecular assembly produced in the gap. 

A method of fabricating an electronic circuit having a connecting portion of a 
conductive molecular assembly, comprising a step for exposing an electronic circuit 
having a gap of from 1 nm to 100 jum to be filled by the conductive molecular 
assembly to an electrolyte containing an organic conductor having 7t-electrons; and 

a step for filling the gap using the conductive molecular assembly produced in 
the gap. 
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4-922. A method of fabricating an electronic circuit having a connecting portion of a 
conductive molecular assembly, comprising a step for exposing an electronic circuit 
having a gap with the distance of one to ten molecules to be filled by the conductive 
molecular assembly to an electrolyte containing an organic conductor having 
7r-electrons; and 

a step for filling the gap using the conductive molecular assembly produced in 
the gap. 
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ABSTRACT 

The object of the present invention is to provide a nano-scale molecular 
assembly such as a conductive nano-wire. 

Specifically, there is provided an electrolytic apparatus for forming a 
molecular assembly, including two electrodes and an electrolytic cell holding an 
electrolyte and the two electrodes, wherein the gap between the two electrodes is 
from 1 nm to 100 (am, by allowing the electrolytic cell to hold an electrolyte 
containing molecules that is to constitute the molecular assembly, and applying a 
voltage across the two electrodes in the state wherein the electrolyte and the two 
electrodes are in contact. 



